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ABSTRACT
This thesis adopts an empirical approach to explore the issues associated with the dynamic radar 
signatures o f spinning electrically large dielectric and metallic canonical targets; and especially rotating 
cylinders. A survey o f historical and contemporary open source literature indicates a lack o f material in 
this subject area. A focussed field o f investigation is therefore formulated and followed to address this 
‘short fall’.
New coherent phase coded pulse Doppler radar hardware is described and used to gather new and 
original data. Novel results are presented for nominally axi-symmetric spinning broadside plane wave 
illuminated electrically rough and electrically smooth cylinders. These results contain strong Doppler 
shifted components o f the rotation frequency. An asymmetric and discrete line spectrum is seen that 
can be characterised by AM and PM components. A new ‘vector in a box’ approach is used to 
understand concomitant ambiguities associated with the representation o f these types o f modulation 
phenomena. The concept o f ‘complex Doppler’ is introduced and a non-typical application o f the dark 
field illumination technique is used to decompose the target signature to identify direct (first order) and 
delayed (second order) Doppler mechanisms. Other results for three classes o f geometry o f motion 
provide deeper insights into dynamic target phenomenological behaviour. It is suggested that these 
results could lead to improved methods for the aero-ballistic analysis o f projectile angular motion.
The totality o f the results presented in this thesis represent a significant addition to the open source data 
pool and have advanced the state o f the art in the understanding o f dynamic signatures from rotating 
cylinders. The results are shown to have relevance to a variety o f defence and industrial scientific 
applications and will therefore be o f interest to a wide audience.
Finally a new Doppler-surface mapping (D-map) methodology is given that provides a mechanism to 
discriminate between targets with differing electrical (material) properties or surface roughness 
characteristics. The D-map technique is simple to apply and exploits the unique spectral features 
associated with the Doppler line spectra from rotating electrically large canonical targets such as 
cylinders. The D-map technique is therefore shown to be a useful tool and is hence a valuable 
contribution to the state o f the art in the area.
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CHAPTER 1
INTRODUCTION
1.1 Research formulation
This research thesis seeks to record progress over the period 1st July 1999 to 9th August 2004 in the study 
o f complex Doppler from spinning canonical targets. An empirically based approach is adopted to study 
the dynamic signatures o f spinning cylinder targets using a new phase coded pulse Doppler radar. Never 
seen before results are presented for three classes o f target and for three types o f target motion. The results 
are used to develop novel applications that exploit the temporal and spectral features o f the measured data 
set. The work is shown to be a significant contribution to the state o f the art in the area. Follow-on work is 
also identified where concepts introduced in this thesis could be developed further.
1.2 Research objectives
This thesis is concerned with the study o f electrically large spinning metallic and dielectric cylindrical 
targets broadside illuminated by radar. The aims o f the research activity are:
(I) To explore the capabilities o f a new coherent polarimetric phase coded pulse Doppler radar.
(II) To develop new experimental techniques to:
•  better understand the complex Doppler responses o f spinning cylindrical targets.
•  better understand the electromagnetic behaviour o f (a) rotating electrically smooth steel cylinders,
(b) rotating electrically rough steel cylinders, and (c) rotating physically smooth carbon fibre 
reinforced plastic cylinders.
•  better understand the electromagnetic behaviour o f (a) nominally on-axis (axi-symmetric) spinning, 
(b) off-axis spinning (eccentric), and (c) offset-axis spinning (precession-like) cylindrical targets.
(III) To conduct a series o f structured trials to obtain new data.
(IV) To develop new analysis techniques to exploit the availability o f the new data.
(V) To suggest novel applications that allow the target phenomenology and / or geometry o f
movement to be classified.
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1.3 Problem definition and application
In the context o f this thesis a canonical target is deemed to be a geometrically simple object, where simple 
boundary-value conditions prevail and an exact solution to Maxwell’s equations can be found, i.e. the 
scalar wave equation is separable in some form o f orthogonal co-ordinates (Bowman, Senior and 
Uslenghi, 1987). A  cylinder can therefore be considered within this context and is chosen as the principal 
target o f investigation for this research thesis. The scalar wave equation and associated scattering and 
diffraction theory is discussed further in Appendix B. A particularly good description o f the scattering by a 
static smooth cylinder is given in ‘Acoustic and electromagnetic waves’ (Jones, 1986).
The study o f spinning cylinders has application to a variety o f defence and industrial scientific problems. 
Missile detection and identification are obvious examples where the study o f cylinders can lead to a better 
understanding o f the scattering mechanisms associated with the target and hence lead to a more robust 
target confirmation. To date efforts have been concentrated on the static prediction o f radar cross section 
(RCS), e.g. Crispin and Siegel (1968) who calculate the RCS for a ficticious missile with and without fins, 
and Bachman (1982) who estimates the RCS for a hypothetical missile and discusses missile signature 
control techniques. Target imaging methods have also received much attention, e.g. Menza (1991) who 
considers various generic missile types. More latterly the research community have recognised the 
significance o f the work o f Huynen (1978) and others who advocate the use of polarisation data to extract 
additional information from the radar backscatter o f a target. A wide body o f knowledge now exists that 
addresses polarimetric issues although no specific open source references to missile type targets are 
available. However, statistical methods would be required to simulate dynamic scenarios such as for the 
case o f spinning cylinders.
An area much overlooked is in the use o f coherent, in-phase and quadrature data to analyse and 
understand the radar (Doppler) returns from dynamic spinning targets, i.e. both technique and target 
require consideration. The tract of study advocated in this thesis assumes that a dynamic spinning cylinder 
will exhibit subtly different radar diffraction and scattering characteristics to those for the static case.
Since a free flight missile /  projectile will have characteristic aero-ballistic characteristics (roll, pitch, yaw) 
it would seem plausible that these unique features could be used as the basis for a target identification / 
classification scheme. Conversely the study o f spinning cylinders could equally be applied to and used for
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missile (or artillery shell) flight test and measurement purposes and would lead to improvement over 
present UK capability. Currently experimental firing ranges, such as those used by Dstl, offer radar 
velocity and trajectory plot measurements only. The flight characteristics o f the projectile (e.g. roll, pitch 
and yaw etc.) are typically captured by photographic /  optical methods that are generally expensive, and 
time consuming and difficult to deploy. This spinning cylinder research could lead to a viable alternative 
measurement technique that would be cost effective, offer enhanced utility, and provide additional 
capability, e.g. the means to measure for instance the barrel roll trajectory o f a projectile in a field trial 
environment, via higher resolution and increased accuracy.
From a military perspective the contribution to the understanding o f the spinning cylinder would therefore 
allow improvements in (I) missile design (via signature management), (II) threat missile detection and 
identification, and (III) missile flight test and measurement, to be realised.
Spinning cylinder research could equally be applied to harsh industrial environments where remote 
sensing and / or non contact sensors are required. Any combination o f rotating shaft and bearing could be 
monitored non-invasively using a high resolution coherent radar such as the PCPD radar used in this 
research. The techniques investigated for spinning cylinders could be used to determine when the bearing 
fails. The radar would detect the subsequent non-uniform shaft rotation effects such as wobble / 
precession-like motions etc.
Examples o f benign environments where the application o f spinning cylinder research would be useful 
include metrology laboratories where concentricity could be measured via a non-mechanical method or in 
light manufacturing industry where the real time performance o f filament winding apparatus could be 
automatically monitored.
Other applications o f scientific interest are in the use o f spinning cylinders as (I) low frequency electro­
mechanical modulators, and (II) electro-mechanical mode stirring devices when used within resonant 
cavities.
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The research may also have relevance in the field o f geophysical sensing where the rotation rate and 
precession o f the earth could be measured with high resolution and in an elegant manner. Earth 
observation could be provided by a coherent low pulse repetition frequency (PRF) radar on board a geo­
stationary satellite positioned over the equator.
1.4 Research methodology
The general research approach is measurement based and uses a coherent 77GHz phase coded pulse 
Doppler (PCPD) radar. In-phase (I) and quadrature (Q) channel data are available and an initial objective 
is to determine if  additional information can be obtained over the more prevalent incoherent Doppler 
designs. The PCPD radar will be described in detail in Chapter 2.
A rotation rig was custom designed to provide calibrated and reproducible target rotations. The 
experimental apparatus is described in Chapter 3. Near axi-symmetric target spin is reproduced. In 
practice for the majority o f real world situations spin is unlikely to be perfectly axi-symmetric. Slight 
perturbations will induce physical displacement or vibrations. The rotation rig approach is therefore fit for 
purpose in the context o f the research aims.
This empirical research methodology allows the underlying physics o f the experimental scenarios to be 
observed in an accessible manner. Current literature is often overly mathematical and in many instances 
the gist o f the work is lost in the detail. The target audience for this work are physicists and radar 
engineers rather than mathematicians in the area o f applied electromagnetics.
1.5 General approach
An extensive portfolio o f research data is available for analysis. Selected radar data sets are used to 
explore a number o f research themes. The aspects that will be addressed include:
(I) Comparison o f results for nominally axi-symetric spinning steel and carbon fibre reinforced 
plastic (CFRP) cylinders with rotation frequencies between 0Hz to 8Hz.
(II) Comparison o f results for nominally axi-symetric spinning steel cylinders with electrically rough 
and electrically smooth surface characteristics.
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(III) Discussion o f (I) and (II) in the context o f the underlying amplitude and phase modulation; 
including the use and introduction o f a new ‘vector in a box’ study aid.
(IV) Discussion o f (I) and (II) in terms o f complex Doppler mechanisms; including using a novel 
application o f the dark field illumination technique.
(V) Comparison o f results for the steel cylinder with axi-symmetric, off-axis and offset axis rotations.
(VI) Discussion of (V) in the context o f the aero-ballistic analysis o f projectile angular motion.
(VII) Application o f results to develop a new Doppler-surface mapping (D-map) methodology to study 
dynamic target phenomenology.
A catalogue o f measurement results containing details o f all o f the radar data is available as a stand-alone 
document.
To support the study standard metrology techniques are employed to physically measure the surface 
characteristics o f the targets under investigation. These results are reported as an adjunct to discussions on 
rough surface scattering in Chapter 3.
1.6 Doppler theory
The Doppler effect1 in free space is generally understood to provide either a ‘red shift’ as a source o f  
monochromatic electromagnetic radiation recedes from an observer, or a ‘blue shift’ as a source o f  
monochromatic electromagnetic source approaches an observer (Engheta, Mickelson, and Papas, 1980). 
However, the principal focus o f this thesis is the understanding o f complex Doppler where both ‘red shift’ 
and ‘blue shift’ components are simultaneously present and more than one reflection path is contained in 
the target return. Relativistic Doppler effects have been ignored as introducing additional terms that are 
too small to be significant. The full relativistic formula derived from first principles is available in the 
book ‘The Doppler effect’ (Gill, 1965).
1 , , y 2 fvr 2v _ c
Christian Doppler, 1843. f d = --------= ------- , where f  =  —
c X X
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1.7 Summary o f key issues
A need to study spinning cylinders has been established and applications expounded. The thesis ‘focal 
theory’ (theme) has been identified (Phillips and Pugh, 1987) and a structured methodology defined to 
present the research output. Supporting background theory will be given as need arises throughout the 
main body o f the text rather than as a separate section or chapter.
1.8 Scope o f report
The subsequent chapters will elucidate upon the ideas and concepts introduced above. The PCPD radar is 
presented in Chapter 2. In Chapter 3 the measurement design and target rotation rig are discussed. At this 
juncture the target set and ancillary metrology are also introduced. Chapter 4 presents and describes the 
principal results. Analytic tools and frameworks, and additional key results are given in Chapter 5 and 
Chapter 6 where modulation and complex Doppler are respectively discussed. In Chapter 7 further new 
and original results are given to explore the geometry o f motion issues associated with spinning steel 
cylinders. Chapter 8 contains an exposition o f the new Doppler-surface map (D-map) technique and the 
methodology is used to analyse the results given earlier in Chapter 5. Chapter 9 provides a summary o f  
the work done, discusses the key implications and limitations o f the work, the validity o f the approach and 
gives a holistic interpretation o f the results. In Chapter 10 the ‘contribution’ element o f the thesis is clearly 
stated and its importance evaluated in the context o f the contemporary state o f the art. In Chapter 11 
recommendations are made for future study. Five appendices (A to E) contain further information and 
results to support the thesis.
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CHAPTER 2
PHASE CODED PULSE DOPPLER RADAR AND QUASI MONOSTATIC ANTENNA
2.1 Introduction
A new and unique millimetre wave radar data collection and analysis facility is discussed that has been 
developed by Thales Missile Electronics (TME) Limited as a part o f a joint funded collaborative research 
programme with UK MOD. The equipment consists o f a quasi-monostatic 77GHz coherent polarimetric 
short range phase coded pulse Doppler (PCPD) radar, re-configurable monostatic 77GHz coherent co- 
polar continuous wave (CW) fast event radar, and integral post event processing and display capability 
(Christensen and Underhill, 2004a).
The design aim was to provide maximum functionality through re-use o f radio frequency (RF) hardware 
and software processing, and to integrate the system into a compact user-friendly two-man portable unit. 
The equipment has therefore been designed to be housed in three industrial flight cases with standard 
482.6mm (19”) racking, and is driven using a Labview / Delphi interface designed for use on a standard 
industrial personal computer, as may be seen in Figure 2-1. The integrated millimetre wave (mmW) / radio 
frequency (RF) front end is shown to the left o f the workstation. The design allows measurement 
campaigns to be performed quickly, at short notice, at remote trials venues, and with ‘on the spot’ 
feedback (providing an indication o f the fidelity o f measurements). Data logging rates are selectable and 
are dependent upon the particular requirements o f the trial. A maximum 30 seconds o f measurement data 
can be collected during any one measurement run.
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Figure 2-1 Photograph showing the PCPD / CW radar data collection and analysis facility
The PCPD radar was originally designed for short range radar measurements of vehicles travelling at 
velocities up to 200m/s, whereas the CW radar was configured to measure objects travelling at velocities 
up to 2,000m/s. In the context of this thesis only the PCPD radar is used. It will be seen later that access to 
the in-phase (I) and quadrature (Q) data has enabled significant additional capabilities to be realised, i.e. 
for the study of dynamic rotating objects.
2.2 Radar Description and Operation
The top level design features of the radar are summarised in Table 2-1.
Parameter PCPD specification CW specification
Frequency 77GHz 77GHz
Transmitted power 1mW nominal 1mW nominal
Modulation Pulsed, pseudo random bi-phase Continuous wave
Antenna beamwidth 6° ± 1° User defined
Polarisation VV, VH, HH, HV VV, HH
Range 1 to 20m N/A
Range resolution 1m N/A
Doppler bandwidth Reconfigurable between 1.58kHz & 201.6kHz 2.4MHz
Doppler resolution Reconfigurable between 0.05kHz & 6.3kHz 48.8kHz
Data availability I and Q channels (raw & processed) I and Q channels (raw)
Table 2-1 Top level radar design specification
Page 8 of 184
A simplified top level block diagram of the radar hardware is shown in Figure 2-2.
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Figure 2-2 Block diagram of the integrated PCPD and unmodulated CW radar
In the PCPD mode the transmit (Tx) antenna radiates a sequence of pulses in the form o f a pseudo random 
code (PRC). The PRC code length is 2N-1, where N is an integer. A high pulse repetition frequency (PRF) 
of code length 31 bits is available via the pulse and bi-phase vector modulator circuitry. The local mmW 
oscillator (NATO M-band) is a mechanically tuned Gunn type, nominally set to 75GHz. In addition to 
feeding the pulse generator network the output o f the mmW oscillator is also passed via a directional 
coupler to the receiver (Rx) mixer for down conversion to video baseband. The resultant waveform, at the 
mixer output, and contained within the baseband signal, will therefore retain the pulse width and PRF 
characteristics of the transmitted waveform but will also contain a component due to modulation at the 
object Doppler frequency. Additionally each successive pulse will exhibit either a zero or pi radian phase 
change due to the phase coding. The video baseband signals are digitised at 150MHz and correlated with a 
delayed version of the transmitted PRC. An auto-correlation will hence only occur when the baseband 
waveform possesses the appropriate echo delay. To achieve an enhanced range discrimination capability, a 
number of range bins at different range offsets can be synthesised. Here the baseband signal from the 
range gate is correlated with successively delayed versions of the PRC providing 20 contiguous range bins 
of nominal width lm, spanning the range 1 to 20 metres.
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It is noted that the baseband signals (of both PCPD and CW modes) are digitised at 150MHz using 8 bit 
analogue to digital converters (ADC). An effective sample rate o f 3.125MHz (per channel) is obtained in 
CW mode by decimating by a factor o f 48 (e.g. 150MHz/48). Sampling o f the signals at a higher rate is 
required because the ADCs are ‘pipelined devices’ that lose accuracy at lower sample rates.
The 31 bit PRC is a maximal length phase noise (PN) code providing a high pulse compression ratio. The 
theoretical peak sidelobe performance is -17.8dB (Nathanson, Riley, and Cohen, 1999a). The transmitted 
bit rate is 160 nanoseconds defining the 31 bit code repetition interval to be 4.96 microseconds (e.g. 
Doppler bandwidth 201.6kHz). Range bin data is therefore accumulated over 31 successive profiles during 
this period. The system design uses 13 bit accumulators to ensure no loss o f precision. The system (range- 
Doppler) map interval is 158.72 microseconds corresponding to 32 accumulated profiles. Where 
horizontal and vertical polarisation is required, a decimation factor of four is applied to prevent data 
corruption due to timing and system delay issues associated with the speed o f the transmit antenna 
polarisation switching. The specified polarisation switching speed is better than 4.5 microseconds.
Fifteen software configurable Doppler bins are available in the PCPD operating mode. The Doppler bin 
width can be set between 0.05kHz and 6.3kHz providing respective minimum and maximum measurable 
Doppler frequencies o f 0.79kHz and 100.81kHz. This functionality allows optimal data logging o f vehicle 
velocities between 2m/s and 196m/s. The Doppler filter responses were windowed using a Hamming 
function providing peak Doppler sidelobe levels o f magnitude -44.1dB (Nathanson, 1999b).
The system level performance / design specification for the PCPD radar is summarised in Table 2-2.
Parameter PCPD specification
Dynamic range 60dB
Code length 31 bits
Peak sidelobe performance -17.8dB
Bit rate 160nS
31 bit repetition interval 4.96uS
Range-Doppler map interval 158.72uS
Polarisation switching speed Better than 4.5pS
Window functions available Rectangular, Hamming, Hanning, Kaiser-Bessel & Blackman-Harris
Doppler sidelobe level Reconfigurable, e.g. -44.1 dB for Hamming
Table 2-2 System level radar design specification
The CW mode augments the PCPD mode and is more elementary in operational concept. The monostatic 
Tx / Rx antenna simply radiates an unmodulated carrier waveform at 77GHz. Should a moving target,
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exhibiting relative velocity with respect to the radar, be within in the Tx antenna footprint then the 
backscattered energy will contain a Doppler shifted frequency component. The Rx signal with Doppler 
component is then down-converted, mixed with a portion o f the 2GHz local oscillator signal, and the beat 
frequency (I-Q components) extracted at video baseband. Provision o f separate I-Q channels within the 
mixer element allows the sign o f the Doppler to be resolved unambiguously. The operating principle is no 
different in concept to that o f the World War II variable time (VT) artillery fuze (Baldwin, 1980). Again it 
is reiterated that the CW radar is not used to support this thesis but is discussed to provide background 
context on the radar integration and system operation.
The CW mode received data is mapped into 48 frequency bins nominally spread between ±1.2MHz. It is 
noted that the software performs a 64 point complex fast Fourier transform (FFT) on the CW data 
resulting in 64 frequency bins o f width 48.8kHz. The outer bins are beyond the original requirement 
specification and are discarded. Velocities up to ± 2,000m/s can therefore be recorded with a default 
resolution o f 83m/s per bin. In CW mode, the digitised video band I-Q data, are respectively sampled at an 
effective rate o f 3.125MHz corresponding to a sample interval o f 320ns per channel.
The integration o f the PCPD and CW modes o f operation using common RF architectures is a novel 
feature o f the radar design. It is noted that the radar must be ‘powered up’ and configured in one mode or 
the other, and then powered down before re-initialising in the other mode. However, the hardware shut 
down / initialisation procedures are simple and can be achieved in less than 30 seconds. The dual PCPD / 
CW capability allows the possibility o f merging target signatures and states, and this research tract whilst 
not included in this thesis will be the subject o f a further publication along with concomitant aspects such 
as the innovative handling o f I-Q channel data.
Prior to down selection o f a PCPD modulation system preliminary analyses were conducted using the 
radar ambiguity function (Skolnik, 1981a). Extensive use was also made o f Rihaczek’s waveform 
classification system (Rihaczek, 1971) that considers the inherent resolution properties o f the waveforms 
rather than purely the conventional modulation function. To assist in waveform classification Rihaczek 
identifies the time-bandwidth product as the key determinant o f range-Doppler performance. The 
requirement to resolve range and Doppler unambiguously drove the design towards a ‘class A ’ system, i.e.
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one exhibiting a unity time-bandwidth product where the resolution cell in delay and Doppler are both o f  
unit magnitude. Other attributes o f the class A design include low sidelobes and the classical Doppler 
ridge ambiguity function.
Whilst the PCPD waveform was selected to provide an optimal trade off between range and Doppler 
ambiguity the unmodulated CW was chosen purely to resolve Doppler. At this juncture it is noted that the 
use o f PCPD waveforms for automotive ranging applications is itself novel and an interesting departure 
from the use o f other modulation types. Indeed Lukin (1995) advocates that “noise radar technology is the 
most suitable (modulation waveform) for car collision avoidance” applications. A PN application was also 
investigated within the European Prometheus project (Groll, Detlefsen, Rozmann, and Troll, 1993). Other 
contemporary designs have coalesced around the use o f FMCW (Mende, and Rohling, 1997). Some 
stepped frequency pulse (Kajiwara, 1999) and chirped frequency pulse (Russel, Crain, Curran, Campbell, 
Drubin, and Miccioli, 1997) systems have also been reported in open literature.
The PCPD radar utilises a pair o f roll symmetric 6° + 1° beamwidth hom antennas, shown Figure 2-3, 
mounted on the side o f the screened metallic enclosure (known as the RF front end) containing the mmW 
hardware. Both antennas have circular apertures o f 38.1mm diameter and are separated by 165mm with 
the receive antenna on top. A low insertion loss polarisation switch with high cross-polar suppression 
automatically sets the transmit polarisation. An optional pan and tilt platform is available that can be 
remotely driven, and that allows azimuth and elevation to be set in 1° increments to within ±0.1°. A video 
camera, on bore-sight, is also provided giving real time images o f the object being illuminated by the radar 
footprint. Three waveguide terminations, (WG 27 - circular flange), can be seen to the right o f the camera 
and between the hom antennas; two are test ports and the third is the Tx / Rx port for the CW radar. The 
antenna for CW operation can therefore be specified depending on the application. The output power at 
the respective PCPD and CW transmit ports is nominally OdBm with 60dB o f dynamic range available at 
the receiver. For the PCPD antenna configuration the side-lobe levels are 25dB down with respect to the 
main-lobe. Mixing down to baseband is performed within the RF front end.
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Figure 2-3 Photographs showing the radar head and antenna configuration
Video baseband signals are passed to the control rack of the workstation via either a 5m or 25m cable 
where they are digitised. The 25m cable is generally used for measurements where the radar head is 
traversed, over a distance, towards a static object, i.e. for controlled range profile data gathering. The 5m 
cable would typically be used for static measurements or for drive-by measurements where the radar 
would be mounted within a vehicle. The 25m cable would also be used in situations where safety 
procedures dictate that remote operation is required. The user workstation could then be viewed from a 
safe area. A remote trigger function is also provided where the safe area is beyond 25m.
Common data processing functionality is available via the user interface software for both CW and PCPD 
modes of operation. Standard window functions (including Rectangular, Hamming, Hanning, and Kaiser- 
Bessel, and Blackman-Harris etc), software filter options, and data decimation tools can be selected. 
Statistical data for each processed measurement set are automatically generated and can be accessed via a 
Windows based summary toolbar menu.
The key attributes o f the PCPD radar implementation are the availability of co-polar (vertical transmit- 
vertical receive (VV), and horizontal transmit-horizontal receive (HH) and cross-polar (vertical transmit- 
horizontal receive (VH), and horizontal transmit-vertical receive (HV)) coherent (in-phase and quadrature 
(I-Q)) data. These salient features make the system rare amongst its contemporaries with the only other 
comparable UK radar measurement system believed to be the MIDAS radar of Thales Communications, 
Wells (Mackenzie, Brown-Kenyon, and Wilson, 1995). On a world stage the PCPD radar is also
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distinctive and this is reflected by the lack of availability of published data at either 77GHz or describing
I-Q channel measurements and results. Where 77GHz papers are available they tend to focus on hardware 
design and processing issues associated with collision avoidance radar. Hence, the results presented later 
both demonstrate the capabilities o f the radar design and contribute to the pool of open source research 
data.
Immediate post processing allows quasi-real time display of the data and quasi-real time playback of video 
footage of the object under test. The PCPD data can be displayed as range-Doppler maps in several 
different formats including contour plots, three dimensional surface plots, stacked histograms, and tabular 
text. Stacked range profile summary plots are also available and an example is shown in Figure 2-4. The 
screen display shows a typical configuration available after post processing of the measurement data has 
been performed.
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Figure 2-4 PCPD screen display showing typical results
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However, in many circumstances further more detailed analysis may wish to be performed. In such cases, 
as is the case here, an export facility is used to access the raw I-Q data so that the data can be processed 
‘off-line’ using commercial off the shelf products.
2.3 Quasi monostatic antenna configuration
The side profile of the radar head, pan tilt platform, and antenna pair configuration may be seen in Figure
2-5. The system provides essentially monostatic operation and since the antenna phase centres are 
separated by just 42 wavelengths the term quasi monostatic has been adopted.
EX32SSIMASCARA
Figure 2-5 PCPD radar head and antenna side elevation
The main aim of this section is to present the rationale for adopting a quasi monostatic hom-lens antenna 
(HLA) implementation. It is close (very short) range applications such as for automotive radar that has 
driven the design.
Previously unpublished experimental results using the Thales Communications MIDAS radar (Mackenzie 
and Brown-Kenyon, 1994) at W-band indicate that true monostatic radar applications at close ranges are 
susceptible to ‘spillover’ (transmit energy appearing in the first range bin for all target ranges) under 
certain conditions, e.g. beam-fill, high power, high pulse repetition frequencies (PRFs) etc. It is noted that 
both the MIDAS and PCPD radar are high PRF high resolution systems.
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An example stacked range-profile plot for a vehicle collision avoidance application is shown Figure 2-6. 
The data was gathered using MIDAS with a monostatic antenna. The vertical axis represents gross 
amplitude (no scale). The horizontal axis represents ranges from 6m (left) to 18m (right). The spillover 
effect can be clearly seen in the close range bins.
Figure 2-6 MIDAS monostatic raw results: VV polarisation: no legend
A series of measurement trials using an experimental quasi monostatic design solution were performed 
using the MIDAS radar and it was found that the undesirable spillover effects seen in Figure 2-6 could be 
mitigated by using a closely separated antenna pair, as shown in Figure 2-7. In Figure 2-7 two hom pairs 
are shown providing fully polarimetric operation.
Figure 2-7 MIDAS radar head with dual quasi monostatic antenna configuration
It is not the intention o f this section to discuss the MIDAS hardware or results in detail. However, it is 
noted that a new antenna configuration was designed for that system using reconfigurable pairs o f 2° and
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5° beamwidth Potter horns (Potter, 1963) to cover the respective frequency bands of operation. Typical 
raw results presented as stacked range profile plots are shown in Figure 2-8.
Figure 2-8 MIDAS quasi monstatic raw results: VV polarisation: no legend
It is noted that Figure 2-6 and Figure 2-8 were measured under identical conditions. The measurements are 
of a stationary vehicle at an arbitrary fixed aspect. It was these findings that influenced the requirement 
specification for the PCPD radar.
The PCPD antenna solution is optimised for the millimetre wave (77GHz) illum ination of electrically 
large targets at ranges up to 20 metres and under beam-fill conditions. However, quasi monostatic antenna 
designs are not unique to short range radar. The technique is common place in CW  altimetric applications 
where an adjacent antenna would typically be situated in the null region of its neighbour.
Azimuth and elevation cut measured results for the quasi monostatic antenna are also given and discussed 
in Section 2.5 in the context o f the broadside illumination of a metallic cylinder target at 2 metre range. 
Subsidiary issues including the presentation of ‘first principles’ interpretation of the circular aperture 
distribution equations, as used by Silver (1965), and a brief discourse on the appropriate use o f phase error 
assumptions across the hom aperture are discussed in Appendix A; where it is noted that the existing 
diffraction field equations have evolved assuming zero phase error across the antenna aperture. Simple 
spillover measurements are also reported in Appendix A. However, it is noted that these effects are 
mitigated in the experimental results discussed in Chapter 4 to Chapter 8 as the data, unless otherwise 
stated, was collected using the 2 metre range bin.
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2.4 Hom-lens antenna characteristics
The PCPD radar employs a pair o f narrow bandwidth low sideband Flann Microwave (FMI) conical hom- 
lens antenna, as shown Figure 2-9. The antenna consists o f a plano-convex dielectric lens that is pressed 
into a sealing ring against the aperture flare (Flann, 2004). The design was deemed favourable in 
providing reduced aperture size (when compared to a parabola), no back spill, improved pattern symmetry 
and reduced cross polarisation leakage. A similar approach was adopted by the Lincoln laboratory (Blejer, 
Irving and Verbout, 1989) where a portable, millimeter wave fully polarimetric high resolution fixed focal 
point ‘flash light radar’ was developed using a scalar hom lens antenna.
Figure 2-9 Close up photograph of the horn lens antenna (courtesy of FMI)
The dielectric lens has a radiation envelope that sharply rolls off (Flann, 2004). It is suggested that this 
feature may help to constrain the ‘spillover effects’ (discussed earlier) and hence is considered to be a 
potentially important antenna design attribute where a quasi monostatic configuration is required, i.e. to 
minimise the interference between the two closely adjacent antennas.
The PCPD radar HLA uses a circular waveguide feed and is linearly polarised producing equal E-field and 
H-field amplitude patterns. In this application a low insertion loss (0.6dB) transmit polarisation switch 
(type 145E) manufactured by Millimeter Products, Inc (MPI) is used (Quinstar technology, 2004). The 
145 series polarisation switch is a TEn mode Faraday rotation device. It is noted that the instantaneous 
bandwidth of the device is limited to approximately 1% of the centre frequency (77GHz) for a fixed drive 
current value. The bandwidth is therefore more than adequate for the types of applications discussed in 
this thesis.
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The HLA has a nominally unity focal length to diameter ratio and is physically compact. The HLA was 
therefore selected because it permits a shorter structure for a comparable aperture size, allowing 
fabrication within the limited space envelope of the radar head.
It may be seen from Figure 2-9 that the antenna mounting holes are on a flange set back from the lens 
surface. For outdoor applications a radome (rain shedding membrane) is available and was used in the 
quasi monostatic design. A side profile of the radome housing is shown in Figure 2-5 and Figure 2-10.
The lens diameter is 38.1mm (1.5 inches), the lens housing diameter is 64mm (2.5 inches) and the 
component length is 76mm (3.0 inches) -  approximate dimensions. The waveguide diameter is 2.8448mm 
(112/1000 of an inch) and has a square flange.
The HLA design provides an effective aperture area of 1140mm2 (i.e. calculated as n x r2 , where r =
38.1mm / 2 = 19.05mm). The HLA provides roll symmetric beam patterns and has a ten percent 
bandwidth of operation. The voltage standing wave ratio (VSWR) is typically 1.15:1. The cross 
polarisation isolation o f the HLA and HLA transmit polarisation switch are typically of the order 20dB.
The physical integration of the antenna pair is shown in Figure 2-10. It is noted that the conicial shape of 
the HLA allows the circuit boards to be built around the flare, i.e. the HLA is suitable for compact 
integrated applications.
Figure 2-10 Photograph showing the PCPD radar antenna integration
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2.5 Antenna beam pattern measurements
2.5.1 Azimuth and elevation cuts
The experimental configuration, shown in Figure 2-11, was used to assess the antenna system performance 
in the azimuth plane (zero elevation). The centre of the cylinder was initially illuminated under beam fill 
conditions (e.g. at zero azimuth) and measurements performed at 31 cardinal points between -15° and 
+15°. The radar antenna was stepped with a precision of 1° and with an accuracy of ±0.1°. Measurements 
were performed after each step. The cylinder target, discussed in detail in Section 3.5, was 2 metres from 
the radar head. The cylinder is metallic, 540mm in length and 100mm in diameter.
Figure 2-11 Photograph showing the antenna test experimental scenario
To determine the antenna system performance in the elevation plane (zero azimuth) the target stand was 
removed and the cylinder target was suspended horizontally in free space. The configuration allowed 
unwanted clutter contributions to be minimised, e.g. at depressed elevations where the RAM covered 
support would otherwise be illuminated. N.B. the RAM was not previously illuminated because the 
antennas were only traversed in azimuth.
The zero elevation azimuth cut for the cylindrical target is given in Figure 2-12 and Figure 2-13.
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Figure 2-12 Azimuth cut (vertical metallic cylinder target): VV & HV polarisation
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Figure 2-13 Azimuth cut (vertical metallic cylinder target): HH & HV polarisation
In Figure 2-12 the antenna beamwidth for VV polarisation is o f the order 6° and hence consistent with 
theory; predictions for the single antenna scenario are given in Appendix A. However, in Figure 2-13 the 
beamwidth in HH polarisation is halved, i.e. of the order 3° at the 3dB points. For the HH response there 
are also two sharp nulls at -2° and 4° indicating a total full beamwidth of 6°. This effect may be a function 
of the target type illuminated.
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The zero azimuth elevation cut for the cylinder target is given in Figure 2-14 and Figure 2-15. In these 
measurements the range o f motion was restricted to measurements between -10° and +10°. Hence 21 
cardinal points were investigated in 1° increments.
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— -30
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Figure 2-14 Elevation cut (horizontal metallic cylinder target): VV & HV polarisation
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Figure 2-15 Elevation cut (horizontal metallic cylinder target): HH & VH polarisation
The physical layout of the antenna pair, with the transmit antenna vertically below the receive antenna, is 
seen to broaden the total full beam pattern in both horizontal and vertical polarisations, e.g. where the
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results are typically greater than 10°. However, in both cases at the -3dB points the beamwidths are o f the 
order 6° and hence consistent with earlier predictions for the single antenna scenario.
For positive elevations the beam overlap on the target surface will shift with a greater proportion of  
transmitted energy incident with the target. Similarly for negative elevations there will be less energy 
incident on the target but more receive footprint. Notwithstanding the beam plots o f Figure 2-14 and 
Figure 2-15 are relatively symmetric about the zero elevation point suggesting that reciprocity2 has been 
maintained. The cylinder target is therefore shown to be useful for investigating such effects given the 
symmetric nature o f its geometry. It is noted that the reciprocal properties o f the cylinder are widely 
recognised and especially when considered in the context o f fields induced into and radiated from 
cylindrical aerials (e.g. Moullin, 1949).
2.5.2 Discussion and experimental issues
A cylinder target was used to determine the quasi monostatic antenna azimuth and elevation radiation 
characteristics. The antenna pair was rotated about the curved target surface at a range o f two metres in 
both circumstances. The following observations were made:
• Beam fill conditions will occur in the elevation plane for the azimuth cut but in the azimuth plane for 
the elevation cut.
•  The illumination footprint will overlap the cylinder by a ratio o f approximately 2:1 in the non-beam 
fill plane (assuming a 6° beamwidth).
• The illumination depth from the closest point on the cylinder surface to the cylinder edge will be 
equal to the radius o f the cylinder. A phase gradient may therefore be impressed on the backscattered 
radiation.
•  Volumetric effects due to illumination depth may be minimised in some circumstances by using a 
narrow beamwidth antenna.
2 Lorentz reciprocity theorem: / } { ( £ ,  • J 2 - f f , -M2)dv' =  jJJ(£2 • J , - H 2 -M ,)d v  , in integral
v v
form where EX, H X,E2, H 2 are fields and Jx,M x, J 2,M 2 are sources (Balanis , 1997b).
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• Whilst the target will be beyond the evanescent3 and radiating4 near field regions (Chistensen, 1992) 
of the hom-lens antennas, the antennas will be within the targets near field. The received target return 
may therefore have phase components that should be considered.
• The spatial separation o f the quasi monostatic antenna augments the temporal separation provided by 
the radar transmit / receive circuitry providing enhanced performance / minimal spillover operation.
• The maximum antenna spacing was constrained by the physical size and design o f the radar head. A  
compromise antenna separation o f 165mm (42 wavelength phase centre separation) was chosen 
providing adequate system performance from 0 to 20 metres.
• Quasi monostatic antenna spacing (optimisation) for radar applications is a topic that is poorly 
addressed in the literature and one that warrants additional and detailed study. The results given here 
vindicate the benefits o f the technique and the reader is encouraged to develop the concepts further.
2.6 Conclusion and summary o f key issues
A new quasi monostatic coherent polarimetric millimetre wave PCPD radar data collection and analysis 
facility has been presented that utilises off the shelf components but that is distinctive with respect to its 
peers. The PCPD radar offers the opportunity to obtain new high fidelity measurement data that will 
enable subtle dynamic phenomenological target effects to be studied. The radar will therefore be used to 
support this thesis.
The quasi monostatic antenna design provides enhanced performance (lower spillover) over true 
monostatic systems. The lower spillover is a function o f spatial separation o f the quasi monostatic antenna 
and can be considered as complementary to the temporal separation provided by the radar transmit / 
receive circuitry.
3 The evanescent or reactive near field can be considered to be the region o f space immediately 
surrounding the antenna where the reactive field dominates the radiating field. The region extends 
typically in the order o f a few wavelengths.
4 The radiating near field or Fresnal region is understood to refer to the region surrounding an antenna that 
supports a radiating field but where the angular distribution o f the field is still dependent on the distance 
from the antenna.
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Low spillover radar operation is critical where high frequency-high resolution beam fill, high pulse 
repetition, and close range (just beyond near field) radar operation is desired. Other key attributes required 
for reliable performance include narrow beamwidth operation, i.e. to minimise both sidelobe clutter and 
sidelobe interference between antennas.
The metallic cylinder when illuminated about its curved surface proved to be a useful target for empirical 
determination o f the respective antenna azimuth and elevation radiation responses. The antenna responses 
in elevation were consistent with theory. However, in azimuth the results were only consistent with 
expectations for W  polarisation. In HH polarisation the beamwidth was approximately halved by a factor 
of two. The phenomenon is most likely due to the geometry o f the cylinder target.
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CHAPTER 3
EXPERIMENT DESIGN, ROTATION RIG AND TARGET SET
3.1 Introduction
The measurement or analytical solution o f simple closed body canonical targets such as cylinders, spheres 
etc. is universally considered to be an essential step towards understanding the electromagnetic behaviour 
o f more complex targets. The study o f such rotating canonical targets is therefore seen to be a valid 
approach that is also o f relevance and interest to the wider electromagnetic (EM) research community. The 
experimental design and apparatus to perform such research is addressed in this chapter. The rotation rig is 
a key feature o f the experimental set up and allows Doppler signatures, dynamic polarisation and other 
effects to be studied.
Three principal targets, discussed in Section 3.5, are studied to support the empirical approach advocated 
in this thesis.
•  Steel cylinder (also referred to as metallic cylinder and electrically smooth cylinder)
• Carbon fibre reinforced plastic cylinder (also referred to as dielectric cylinder)
• Metallic cylinder clad with metallic studs (also referred to as electrically rough cylinder)
Two supplementary targets, discussed Section 3.6, are also studied.
• Metallic tube with metallic longitudinal ridge
• Cone-sphere
3.2 Experimental configuration and measurement design
The basic experimental test set up is shown in Figure 3-1 and Figure 3-2.
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Figure 3-1: Experimental test set up with electrically smooth cylinder.
The radar head (left rear) is seated on a radar absorbent (RAM) tile on a computer table. For all o f the 
measurements discussed in this thesis the radar head is sited at a target distance o f 2m unless otherwise 
stated.
The cylinder targets were broadside illuminated at a range o f 2m giving a circular illumination footprint o f 
nominal diameter 210mm. This means that the target vertical length illuminated is approximately 210mm. 
The beam footprint will also overlap the cylinder edges in azimuth by approximately 55mm either side. 
The antenna beam patterns were aligned with the cylinder centres.
The precise target details are given in Section 3.5 and Section 3.6. The metallic cylinder target shown 
Figure 3-1 and mounted on the target rotation rig (right front) is approximately 540mm in length. RAM 
tiles are positioned in front of the rotation rig to minimise non-target reflections (unwanted backscatter) 
and to prevent multiple reflection effects (between rotation rig and radar head) that may be manifest at 
short range. The radar absorbent screen is comprised of ECCOSORB AN77 tiles providing a return loss of 
the order 20dB at 77GHz; special care was taken to screen moving parts.
A separate document containing a comprehensive index of measurements performed and experimental 
details is also available.
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Figure 3-2 Experimental test set up with electrically rough cylinder.
3.3 Rotation rig apparatus
The rotation rig, shown in Figure 3-3, provides nominally ‘vibration free operation’ for rotation rates 
between 0 to 1500 revolutions per minute (rpm).
Figure 3-3 Rotation rig apparatus
The purpose designed rotation rig consists o f an angle iron frame that supports; (i) a lathe chuck drive 
shaft assembly, (ii) a pulley system, and (iii) an electric motor. A choice of two inter-changeable DC 
motor drive sections are available, one of which has a gear box providing lower rotation speeds (nominally
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60rpm to 480rpm), and the other without a gear box providing higher rotation speeds (nominally 330rpm 
to 1500rpm). In Figure 3-3 the motor (black with white power connector) and gearbox (green with white 
pulley wheel on top) may be seen to the forefront o f the photograph. The DC motors were controlled using 
a Radio Spares 12amp DC speed controller (RS components part number 715-033) and power drive (RS 
components part number 184-4211).
Precision engineered contact bearings, shown Figure 3-4, ensure negligible wobble of the drive shaft as it 
is axially spun.
Figure 3-4 Close up photograph of contact bearings
A miniature magnetic transducer / pick up sensor (RS components part number 304-172), shown in Figure
3-5 (photograph courtesy of Radio Spares), is used to measure the speed of rotation of the drive shaft.
Figure 3-5 Magnetic pick up transducer sensor
The sensor is mounted such that it can detect the magnetic variations due to moving ferrous parts; in this 
application a uniformly toothed steel cog wheel is directly mounted to the drive shaft, shown Figure 3-6.
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In figure 3-6 the magnetic sensor is screwed into / mounted on the right angled support shown to the right 
o f the cog wheel. The sensor would be positioned so that it is approximately 0.1mm from the toothed cog 
wheel.
Figure 3-6 Close up photograph of cog wheel
The magnetic pick up sensor connects directly to an integrated circuit tachometer (RS components part 
number 302-047) that provides a visual (digital) read out o f rotation speed. Correct operation was verified 
by comparative methods using a calibrated optical (laser) tachometer to measure rotation speed.
At speeds between 50rpm to 120rpm the precision with which the rotation apparatus can be set is typically 
±10rpm. However, once set the rotation accuracy will be better than ±lrpm . At speeds of greater than 
120rpm the rotation speed can typically be set to a precision of ± lrpm  with an accuracy of ± lrpm. At 
high rotation speeds and / or for offset / off-axis targets the asymmetric loading o f the drive shaft may 
result in violent oscillation of the rotation rig. The rotation rig is therefore weighted down with concrete 
blocks as clearly shown Figure 3-7.
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Figure 3-7 Rotation rig configured for operation
3.4 Measurement specification and method
A measurement plan was formulated to verfiy the operation of the radar hardware. System verification 
tests included:
• Measurements to determine the effect of drift and the effect o f system power down / re-boot.
• Multiple measurements to determine measurement repeatability and to determine the uncertainties of 
measurement.
• Measurements to determine the correct and repeatable operation of the radar polarisation switch.
• Target / no target measurement comparison.
• Tests performed with the target insulated from the rotation rig to ensure that a direct current path was
not corrupting the measurements.
The measurement design has evolved to explore a number of important issues associated with rotating 
cylindrical targets. The measurement variables studied include:
• Static vs. dynamic effects
• Clockwise vs. anti-clockwise effects
• The effect of different rotation speeds
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Three important categories of rotation can be studied.
• On-axis (axi-symmetric) rotations
• Off-axis eccentric rotations
• Rotations with precession-like effects due to angled offset between the axis o f rotation and the 
longitudinal axis of cylinder, i.e. offset-axis rotations.
Small wedges were applied to the lathe-chuck / target mount to generate the latter two classes of rotation 
(or geometry of movement). These issues will be discussed further in Chapter 7.
3.5 Principal target set
Figure 3-8, Figure 3-9 and Figure 3-10 show photographs of the principal target set.
Figure 3-8 shows the steel cylinder that is representative of an electrically smooth target.
Figure 3-8 Steel cylinder -  metallic electrically smooth target
The metallic cylinder is 100mm in diameter (circumference 81A,@ 77GHz ) and 540mm in length.
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Figure 3-9 shows the carbon fibre reinforced plastic cylinder that is representative of a dielectric target.
Figure 3-9 Carbon fibre reinforced plastic cylinder -  dielectric target
The CFRP tube has dimensions comparable with the metallic cylinder. It is 100mm in diameter and has a 
total length of 600mm. The body is 565mm long with a shallow tapered dome extending the length by a 
further 35 mm.
Figure 3-10 shows the steel stud clad cylinder that is representative of an electrically rough target.
Figure 3-10 Steel cylinder with dense stud cladding -  electrically rough target
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The overall target diameter is increased from 100mm to 140mm by the addition o f the stud cladding., The 
circumference is therefore 113A,@ 77GHz. The length o f the studded area is 232mm and comprises ten 
rings of 24 studs. The studs are nominally spaced 12mm horizontally and 15mm vertically. The studs are 
nominaly 18mm long (9mm parallel to surface and 9mm angled at 45° to surface) by 5.2mm wide and 
extend from the target surface by 9mm.
Target surface characteristics can be classified with respect to surface roughness using the equations of 
Beckmann and Spizzichino (1963). With reference to Figure 3-11 the difference in path length between 
ray 1 and ray 2 can be described by
Ar = 2 h s m y  (3.1)
where h = height o f the surface irregularity, and y  = grazing angle.
The phase difference is given by
2n . Anh .
A ( p - — A r =  sm  y  (3.2)
X X
hence if  the phase difference is small the two rays will almost be parallel as would be the case for a 
smooth surface. However, if  the phase difference increases there will be interference between the two rays 
until at A(p = n  they will be in anti-phase and will cancel. It follows that i f  no energy is radiated in this 
direction then the radiation has been scattered elsewhere. Thus for A (p =  0  a surface can be considered 
smooth and for A(p = 7T a surface can be considered rough.
It is necessary to establish a value o f phase difference between these two extremes to make the distinction
between rough and smooth. The well known Rayleigh criterion, h < ----------- , can be obtained by
8 s in ^
A narbitrarily selecting a value half way between the two extremes, i.e. A (p =  — and substituting into 
Equation 3.2.
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Other values o f A(p have been proposed that are considered more realistic. In the context o f this report 
7Z
the value Ac? =  — , proposed by Norton and Omberg (1947), is used as the criteria with which to 
4
describe surface roughness.
" I
Figure 3-11 Beckmann / Spizzichino rough surface illustration
The radar backscattering characteristics o f the three principal targets are studied in Chapter 4 to Chapter 8. 
However, an appreciation o f the physical characteristics o f each target is required before it will be possible 
to fully understand the implications of the radar results.
Whilst the stud clad cylinder shown Figure 3-10 clearly meets the Rayleigh criterion for surface roughness 
further effort is required to characterise the surface features o f the steel and CFRP cylinders respectively 
shown in Figure 3-8 and Figure 3-9. These two targets were therefore physically measured using standard 
metrological procedures as shown in Figure 3-12 and Figure 3-13.
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Figure 3-12 Surface height profile test: metallic cylinder
Figure 3-13 Surface height profile test: carbon fibre reinforced plastic cylinder
It may be seen from Figure 3-11 and Figure 3-12 that a dial test indicator is used to measure the target 
surface height profile. This parameter is key to understanding the target phenomenology at high 
frequencies where surface roughness becomes a critical factor. For these measurements the targets were 
mounted in the actual experimental apparatus used for the spinning measurement tests; e.g. the apparatus 
(rotation rig) shown earlier in Figure 3-3.
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In the test set up shown the targets are mounted in the lathe chuck that is normally rotated by a drive shaft 
and pulley system. For the purposes of the height profiling measurements each target was manually 
rotated and statically measured at cardinal points around the circumference. Figure 3-14 shows typical 
height profile results for the metallic and CFRP cylinders.
M etallic cylinder
Carbon fibre re in forced p lastic  cylinder
100
Position on cylinder surface (degrees)
200o 300
Figure 3-14 Surface height profile results
The circumference of the cylinder is 314mm and equates to one 360° rotation. The measurement results 
indicate that the surface roughness over one wavelength (3.89mm) are better than +0.06mm for the 
metallic cylinder and ±0.12mm for the CFRP cylinder.
It may also be seen that the concentricities of the cylinders vary by 1mm and 1.2mm for the metallic and 
CFRP targets respectively. The results therefore suggest that both cylinders are electrically smooth, i.e. the 
heights of the surface scatterers are below both the Rayleigh criterion and the Norton and Omberg 
criterion for surface roughness.
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N.B. The CFRP cylinder was dropped and damaged subsequent to the radar measurements and prior to 
metrological testing. The resultant surface damage is therefore the likely cause of the peak in the response 
at around 200°.
3.6 Supplementary target set
Two supplementary targets, a metallic (steel) tube with deliberate ridge and metallic (steel) cone-sphere, 
are studied and the results reported respectively in Appendix C and Appendix D. These targets are used to 
gain additional insights into effects observed for the cylinder targets. In Chapter 4 the tube with ridge is 
used to further explore surface roughness issues. In Chapter 7 the cone-sphere is used to further explore 
‘geometry of motion’ issues.
The tube with ridge is shown in Figure 3-15. The tube is 232mm in length and 100mm in diameter. The 
ridge is 17mm wide and extends 6.5mm from the surface o f the tube.
Figure 3-15 Metallic tube with ridge
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The cone sphere shown in Figure 3-15 has a half angle of 25°, and a maximum diameter o f 80mm. The 
length of the cone-sphere is 140mm (excluding support) with the side of the cone tangent to the sphere 
providing a continuous and smooth transition at the joint.
Figure 3-16 Metallic cone-sphere
3.7 Discussion and observations
The constitutive features of an electromagnetically complex target, e.g. a missile, may be understood by 
the study of simple closed body (e.g. cylinders, cones and spheres etc), and open structure (e.g. cylinders 
with slots and cavities, spheres with holes etc) canonical targets (Vinogradov & Vinogradova, 2002; Wait, 
1988). In this thesis only a very narrow subset o f closed body targets are addressed and discussed. The 
predominant focus is closed surface cylinders however some supplementary results will be presented for a 
closed surface metallic cone-sphere and a metallic tube with a deliberate ridge. Whilst the references given 
above provide comprehensive mathematical coverage of the radiation patterns from static open structure 
canonical targets such as cylinders there is again a lack of empirical measurements to support theory; 
under either static or dynamic conditions. Future measurements of rotating open structure targets are 
therefore recommended as follow-on activities to the research described in this thesis. The work would 
also offer different perspectives on the topic of radiation from apertures where the standard approach is 
usually from an antenna theory stand point (Zakharyrev, Lemanski & Shcheglov, 1970).
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3.8 Conclusion and summary o f key issues
Sufficient information is provided on the experimental design, rotation rig apparatus and target set to 
allow the measurements and procedures reported in this thesis to be repeated and / or follow-on 
measurements to be conducted by an independent researcher.
Sound mechanical engineering practices are followed resulting in a rotation rig assembly that is fit for 
purpose; the rotation drive mechanism is extremely stable with rotation speeds able to be set with 
precision and measured to an acceptable accuracy. Stable rotation can be conferred to the targets via the 
lathe chuck mechanism that is mounted on the drive shaft. This aspect o f the design is elegant and exploits 
the inherent ‘precision engineered’ qualities associated with lathe chuck components.
Standard metrology techniques have been used to determine the fidelity o f surface finishes o f the metallic 
and carbon fibre reinforced plastic cylinder targets. Both targets are shown to be electrically smooth and 
fit for purpose, i.e. with negligible variations in surface height and acceptable overall concentricity.
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CHAPTER 4
NEW MEASUREMENT RESULTS: ELECTRICALLY ROUGH VS ELECTRICALLY SMOOTH
4.1 Introduction
This chapter is the first o f four that present and discuss results obtained using the new coherent 
polarimetric PCPD radar discussed in Chapter 2. Whilst an extensive data set is available only a selected 
number o f results are presented to illustrate the key issues pertaining to the theme o f the chapter and for 
the purposes o f brevity. The theme o f Chapter 4 is the comparison o f frequency spectra for electrically 
rough and electrically smooth cylinder targets (Christensen and Underhill, 2004b). Only frequency domain 
results are given although it is noted that the corresponding time domain results for the nominally axi- 
symmetric spinning electrically smooth and rough cylinders can be seen respectively in Chapter 5 (Figure 
5-6 and Figure 5-7) and in Appendix C (Figure Cl-1 and Figure Cl-2). By omitting the time domain 
results it is hoped to emphasise the importance o f the ‘never seen before’ nature o f the frequency line 
spectra.
4.2 Theoretical review
High frequency scattering and diffraction o f electromagnetic waves by static ‘right circular’ cylinders5 has 
received considerable attention since the late 1950s (King, and Wu, 1959). The popularity has been in part 
due to the ability to reduce the problem to the two dimensional case where an infinite length electrically 
small cylinder is aligned with the plane o f polarisation o f a linearly polarised plane electromagnetic wave. 
The exact solution o f the complete field can then be found using the scalar Helmholtz wave equation 
(Harrington, 1961). However, for 3-d problems considering electrically large dynamic targets asymptotic 
methods or other approximate techniques must be employed in lieu o f using 2-d canonical or etalon 
approaches. The solution quickly becomes non-trivial requiring excessive computational resources and 
time. In particular the time-harmonic constitutive relationships associated with spinning target surface 
backscatter will vary when viewed from a fixed point in space. In this chapter the dynamic signatures o f
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truncated electrically smooth and rough right circular steel cylinders are considered when broadside 
illuminated at 77GHz. In essence an empirical approach is adopted to better understand the high frequency 
phenomena of spinning cylinders thus avoiding the vigorous mathematical formulations and 
computational overheads associated with non-experimental methods. The practical approach gives an 
insight into the physics o f the problem, reveals complex effects that may not otherwise be easily 
predictable and enables existing theory to be extended and improved.
Ideally one should examine an infinite length cylinder for reasons cited earlier. However, for practical 
purposes finite length cylinders are considered. It is assumed in the case o f the 540mm length electrically 
smooth steel cylinder that the cylinder is sufficiently long that no resonance effects will be observed, i.e. 
that the surface current distribution will approximate to the infinite case. In the case o f the shorter length 
electrically rough steel cylinder it is assumed that resonance effects would not be present due to the diffuse 
nature o f the Rayleigh backscatter.
4.3 Measurement method and results
Standard Fourier (Mathsoft, 2001) analyses, using Mathcad6, were performed on two I-Q data sets 
corresponding respectively to two seconds o f data for each target. In total 1575 frames o f data were 
available for each time set. 0.5 Hz Doppler resolution was achieved via a 1575 point discrete Fourier 
transform of the complex I-Q data pairs.
Measurement results for nominally axi-symmetric (on-axis) spinning targets are available for clockwise 
rotation rates between static and 480rpm. The 240rpm results for the electrically smooth steel cylinder 
(vertical transmit vertical receive (W ), horizontal transmit horizontal receive (HH), vertical transmit 
horizontal receive (VH), and horizontal transmit vertical receive (HV) polarisation) can be seen 
respectively in Figure 4-1, Figure 4-2, Figure 4-3 and Figure 4-4.
5 In this context a ‘right circular’ cylinder is a truncated cylinder that has circular bases o f equal size that 
are aligned directly above one another, i.e. the cylinder base is perpendicular to its sides.
1 n - 2 n i  — ]r n 2 m \— V
6 Discrete Fourier transform pair: F  ( v )  =  — ^  f  (V) e , f  = (v}e  n^' .
n T=i v=i
Page 42 of 184
omo
CDCo
Q _
E
ou
CD
Q.-10
CLoQ
o
CD
o '20
03>
03
-40 -20 0
Frequency (Hz'
20 40
Figure 4-1 Frequency response of smooth steel cylinder: 240rpm: VV polarisation
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Figure 4-2 Frequency response of smooth steel cylinder: 240rpm: HH polarisation
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Figure 4-3 Frequency response of smooth steel cylinder: 240rpm: VH polarisation
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Figure 4-4 Frequency response of smooth steel cylinder: 240rpm: HV polarisation
In Figure 4-1 and Figure 4-2 the following observations are made; (i) a distinct line spectrum is exhibited 
about the zero Doppler frequency for both HH and VV, (ii) some nulling of the zero Doppler frequency 
carrier is evident, (iii) maximum Doppler occurs at the fundamental rotation frequency (-4Hz for VV, and 
+4Hz for HH), (iv) the sidelobe line spectrum occurs at multiples of the rotation frequency, (v) the 
magnitude of the sidelobe line spectrum typically decreases moving away from the carrier, (vi) higher
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sidelobes are seen for HH than are seen for W ,  (vii) the magnitude of the frequency spectrum is 
asymmetric about the zero Doppler frequency component, and (viii) in general the positive frequency 
spectrum is noticeably stronger for HH while the negative frequency spectrum is marginally stronger for 
VV.
The full spectrum has not been presented here rather the fine structure close to the carrier has been 
examined. The theoretical Doppler spectrum was calculated to be 0 to 322Hz, however nothing of interest 
at above one quarter of this frequency was found. Separate results for an electrically rough cylinder and 
for a cylinder with a deliberate ridge gave responses at exactly the Doppler velocity matching the 
circumferential velocity. The results for the electrically rough and electrically smooth cylinders are 
compared and discussed in detail in the remainder of the chapter. For completeness the time domain 
results for the electrically rough cylinder and cylinder with ridge, and frequency domain results comparing 
the electrically smooth cylinder with the cylinder with ridge are given in appendix C l and C2 respectively.
VV and HH results are respectively shown in Figure 4-5 and Figure 4-6. Results for rough and smooth 
cylinders are compared for VV in Figure 4-5 and HH in Figure 4-6. In both cases the results have been 
scaled to show power density with respect to the zero Doppler frequency component. The power densities 
for the positive frequencies only are shown in each example. Similar results are seen for the negative 
frequencies but for brevity are not reported here.
-20
Smooth surface steel cylinder 
Rough surface steel cylinder
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Frequency (Hz)
Figure 4-5 Comparison of rough / smooth steel cylinder spectra: 240rpm: VV polarisation.
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In Figure 4-5 it may be seen that for the electrically rough steel cylinder; (i) the fundamental zero Doppler 
frequency does not exhibit nulling, (ii) the magnitude of sidelobe line spectrum decreases slowly out to 
100Hz with a sinusoidal type variation impressed on each successive Doppler component, (iii) all 
sidelobes are at least 3dB down with respect to the zero Doppler frequency (iv) the sidelobe spectrum 
occurs at multiples of the rotation rate, and (v) at around 60Hz a shallow null occurs. However, the 
electrically smooth steel cylinder has many contrasting characteristics; (i) the first sideband is o f a 
comparable magnitude to the zero Doppler frequency, (ii) strong sidelobes are evident out to 16Hz and 
then fall off sharply, and (iii) deep nulls occur at 24Hz, 70Hz and 100Hz.
u
2-10
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Figure 4-6 Comparison of rough / smooth steel cylinder spectra: 240rpm: HH polarisation.
Figure 4-6 shows a similar pattern of results to Figure 4-5 but with a few notable differences. For the 
electrically smooth cylinder it is seen that; (i) the 4Hz and 8Hz sidelobes are respectively +7dBc and 
+4dBc greater than the zero frequency component, (ii) the 12Hz and 16Hz sidelobes are of magnitude 
OdBc, (iii) the sidelobe spectrum does not fall off as quite as rapidly as for the VV case, and (iv) deep nulls 
occur at 38Hz and 100Hz. In general the differences in responses for HH are smaller than for VV.
The cross polarisation cases are presented in Figure 4-7 and Figure 4-8.
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Figure 4-7 Comparison of rough / smooth steel cylinder spectra: 240rpm: VH polarisation.
It may be seen from Figure 4-7 that the VH polarised results behave similarly to the co-polarised results. 
The results for the electrically smooth cylinder show two distinct peaks close in to the zero Doppler carrier 
at 4Hz, and 12Hz of the order -5dBc and -lOdBc, with the spectra tapering off to a quiescent level o f 
nominally -25dBc. By contrast the response for the electrically rough spectra is nominally flat (±2.5dB 
ripple) and has equi-spaced components typically +12.5dB above this quiescent level.
.-10
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Figure 4-8 Comparison of rough / smooth steel cylinder spectra: 240rpm: HV polarisation.
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It may be seen from Figure 4-8 that the HV polarised results behave similarly to the co-polarised results. 
The results for the electrically smooth cylinder show three distinct peaks close in to the zero Doppler 
carrier at 4Hz, 8Hz and 12Hz o f the order -5dBc, -7.5dBc and -lOdBc, with the spectra tapering off to a 
quiescent level o f nominally -25dBc. By contrast the response for the electrically rough spectra is 
nominally flat (±2.5dB ripple) and has equi-spaced components typically +15dB above this quiescent 
level.
4.4 Discussion and observations
If it is assumed that the steel cylinders under investigation are perfectly electrically conducting (PEC) then 
the presence o f such strong modulation effects suggests that the rotations were not perfectly axi- 
symmetric. However, only negligible asymmetries were observed when conducting the experiments and 
any deviations, vibrations or wobble were visually difficult to perceive.
Since all positions on the surface o f a smooth PEC cylinder should be electrically equivalent it is difficult 
to understand why such significant phase modulation is present. It can therefore be speculated that the 
conductivity o f the steel, due to the grain structure or other factors, may not be uniform. The surface 
smoothness is not an issue as the steel cylinder was professionally precision machined to exacting 
tolerances (as discussed in Section 3.5). A future objective is therefore to perform measurements on 
known true PEC cylinders and to this aim it is hoped that repeat measurements can be performed using 
silver or gold plated cylinders.
In summary these results are o f interest because the modulation effects observed are greater than would be 
intuitively expected or predicted using existing theory.
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4.5 Conclusion and summary of key issues
New and unexpected results o f radar backscatter from nominally axisymmetric spinning cylinders have 
been presented. The most surprising result is the strong ‘Doppler shifted’ harmonics o f the rotation 
frequency even in the case o f a very smooth metallic cylinder.
In addition a definite and significant Doppler signature is observed for both the rough and smooth 
spinning steel cylinders. The W  and HH results for the electrically smooth cylinder are particularly 
interesting and show a very large sideband conversion manifested by a number o f discrete high magnitude 
spectral lines close in to the zero Doppler frequency followed by a rapid roll off in the power density 
spectrum.
The W  and HH results also contain deep nulls that are not evident for the electrically rough cases. These 
nulls were also evident at rotation rates other than 240rpm. Other results suggest that these nulls can 
correspond to maxima in the VH and HV spectra.
To date interest has focussed on the static case with existing theory enabling the total scattered and 
diffracted energy to be calculated. The dynamic case introduces additional spectral features. Future work 
should therefore be directed towards explaining these. Representation o f the spectrum as correlated AM 
and PM components is an obvious research tract that is investigated in the following chapter; since the 
observed nulling / cancellation o f the zero Doppler carrier is consistent with the presence o f AM and PM.
The W  and HH Doppler spectra for the electrically rough cylinder behave more as expected with energy 
at frequencies up to the maximum Doppler frequency (of the cylinder surface) and, in some as yet 
unexplained cases, to harmonics o f these. Less additional effort will therefore be required to apply theory 
to these results.
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CHAPTER 5
AMPLITUDE AND PHASE MODULATION: VECTOR IN A BOX REPRESENTATION
5.1 Introduction
Contemporary interest in digital communications for broadband terrestrial and satellite applications has 
stimulated a surge o f research into optimal and sub-optimal multi-position (multi-phase / multi-amplitude) 
modulation and demodulation schemes (Okunev, 1997). Extant standard techniques such as phase 
modulation (PM), phase difference modulation (PDM), and quadrature amplitude (amplitude-phase) 
modulation (QAM) are being widely adopted for sophisticated phase shift key (PSK) applications such as 
binary PSK (BPSK), and quadrature PSK (QPSK), and for variants o f these such as offset QPSK 
(OQPSK) and differential QSPK (DQPSK). A common feature o f all o f these modulation methods is the 
need to understand the inherent phase and amplitude characteristics o f the signals under consideration, to 
quantify error rates reliably, and to identify and eliminate sources o f uncertainty in the physical system 
design. Perhaps understandably research activities have coalesced around those issues o f immediate 
commercial interest, e.g. efficient transmission methodologies, new circuit design processes and 
component technologies (oscillators and sources etc), to the exclusion o f other fields o f enquiry such as 
phase noise and jitter.
In this chapter the AM and PM Doppler spectra from broadside plane wave radar illuminated dielectric 
and metallic cylinders are investigated under static and dynamic target conditions (Christensen and 
Underhill, 2004c). The study emphasis is not that o f understanding target phenomenology, although that 
will be a natural outcome, but rather, given the availability o f coherent data containing novel and 
interesting spectral features, to review and develop techniques to analyse the intrinsic AM / PM 
ambiguities present in the data.
Complex Fourier analyses are applied to data from targets with discrete rotation rates from 0 to 480rpm. 
Typical results, introduced in the previous chapter, for nominally axi-symmetric spinning cylinders
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indicate that an asymmetric and discrete line Doppler spectrum will be evident. Such a spectrum can be 
represented as correlated AM and PM sideband components.
A subsidiary objective is to show that the classical formulae o f modulation theory can be verified 
empirically using the measured data. It will be shown that for a given discrete sideband imbalance, at least 
two ratios o f AM and PM will be present. Particular emphasis is placed on the phasor representation o f  the 
Doppler where the techniques used could be applicable to the problem of AM and PM conversion in 
oscillators and sources.
5.2 Theoretical review
Mathematically it can be seen that the formula for an AM signal, shown Equation (5.1)
(t) = yflC
M M
sin at + —  cos\ a -  p ) t -  —  cos \a + p)t 
2 2
(5.1)
has a synergistic relationship with the formula for a PM signal, shown Equation (5.2),
0 )  =  a/ 2 C sin at + — sin {a + p)t~ — sin ( a -  p)t 
2 2
(5.2)
given small angular sideband to carrier ratio (Robins, 1982), i.e. the phase deviation is small; and where 
C = carrier power, M = modulation depth, and 6 = peak angular deviation.
The phasor representation o f these formulae, shown Figure 5-1 and Figure 5-2, when exaggerated for 
visual effect reveals fundamentally important information describing the nature o f the complex AM / PM 
vector relationships. In the simple scenario described the amplitudes o f each sideband pair will always be 
of equal magnitude and will have a definite phase relationship. It is noted that the respective vectors for 
the AM and PM cases rotate in opposite directions with the sideband pairs summing on an amplitude 
basis.
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Figure 5-1 Amplitude modulation vector representation
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Figure 5-2 Phase modulation vector representation
It is seen from Figure 5-1 and Figure 5-2 that if  the positive and negative sidebands are in-phase with 
respect to the carrier then pure AM is present, and that if  the positive and negative sidebands are at 90° 
with respect to the carrier then pure PM is present. At other intermediate phases a mixture o f AM and PM 
will be present, along with the concomitant potential for ambiguity as demonstrated in Figure 5-3. It is 
noted that the amplitudes o f the respective vector components, Figure 5-1 and Figure 5-2, are o f equal 
magnitude. The AM vector pair could also be pointing downwards or the PM vector pair pointing to the 
left with similar effect.
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Figure 5-3 Vector representation illustrating AM / PM ambiguity
In Figure 5-3 it is assumed that phase information is unavailable and that the modulation components are 
of unequal magnitude. A number of phasor representations could therefore be drawn. In such cases the 
potential vectors can be only be characterised within certain limits o f ambiguity as shown. The limits of  
the modulation vector can be represented and bound within a rectangular box that is defined by the worst 
case AM / PM ratios (that are determined by both the ratio o f amplitudes o f upper and lower sidebands 
and arbitrary phase relative to the carrier).
From Figure 5-3 it can be seen that at least two ratios o f AM and PM are present that cannot be resolved 
without knowledge o f the respective phases o f the original modulating waveforms. The resultant ‘vector in 
the box’ could be represented by an elliptically rotating vector, linearly fluctuating vector (for example 
across a diagonal), or some other vector trajectory function. A suitable analogy being that o f the lissajous 
figures (Henney, 1959) that can be produced when the horizontal and vertical plates o f an oscilloscope are 
independently driven by two independent sinewave sources o f differing frequencies.
Phasor representation o f AM and PM components in signals has mainly found application in the 
assessment o f the noise performance o f oscillators (Everard, 2001). The technique has also been recently 
used to analyse the spectral components o f a signal containing an unwanted parasitic AM component 
(Komarov, I.V., and Smolskiy, 2003). In this chapter the theory will be extended and applied to data
Page 53 of 184
containing complex asymmetrical spectral features. The chapter theme will demonstrate the key point that 
whenever an imbalance in a complex frequency spectrum is observed there will always be at least two 
solutions describing the ratio o f AM to PM signal content. This fact has not been previously stated in such 
explicit form although many commendable texts (such as the three previously cited, e.g. Robins, Everard, 
and Komarov / Smolskiy) have alluded to the phenomenon and have addressed the underpinning concepts. 
A pertinent analogy to support this precept is taken from transmission line theory (Davidson, 1989) where 
for a standing wave ratio o f S: 1 the ratio o f impedance to characteristic impedance can be either S or the 
reciprocal o f S. The study therefore advocates that by using coherent data it is possible to process a signal 
differently such that AM and PM can be resolved unambiguously.
5.3 Empirical approach and measurement data
The coherent radar data set under investigation here was recorded using a polarimetric bi-phase coded 
pulse Doppler 77GHz radar. As such the measured data will contain an associated error uncertainty 
particular to the system implementation. Subsequent frequency domain analyses will therefore contain 
spectral components attributable to these unwanted phenomena. It has been established that timing jitter 
will manifest itself in a pulse Doppler system as both pulse position jitter and pulse width jitter (Budge 
and Gilbert, 1993). Similarly bi-phase modulation schemes using pseudo random coded waveforms will 
also introduce errors. Noise artefacts will be produced due to amplitude imbalance, phase imbalance, rise 
and fall times, and timing errors associated with the bi-phase modulation process (Levett, 1991). It is 
suggested that the total sum o f these effects will not significantly impact on the fidelity o f the results 
derived in this thesis as the error contributions will be o f small magnitude with respect to the modulation 
effects being studied.
Data sets for nominally axi-symmetric target rotation rates from 0 to 480rpm (nine cardinal points in 
60rpm contiguous steps) are available for the dielectric and metallic cylinders.
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5.4 Time domain results and analyses
5.4.1 Time-magnitude results
Measurement results for the metallic cylinder and dielectric cylinder may be seen in Figure 5-4 to Figure 
5-9. Static results are shown in Figure 5-4 and Figure 5-5. Dynamic results at a rotation speed of 4Hz are 
shown in Figure 5-6 to Figure 5-9.
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Figure 5-4 Time-magnitude response metallic cylinder: static
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Figure 5-5 Time-magnitude response dielectric cylinder: static
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Comparison o f the time domain co-polar responses shown in Figure 5-4 and Figure 5-5 reveal that the 
steel cylinder behaves differently than the CFRP cylinder under static conditions. It may be seen that the 
metallic cylinder has stronger returns in W  polarisation and that the CFRP has stronger returns in HH 
polarisation. In W  polarisation the average responses for the metallic and CFRP are respectively -23.5dB  
and -29.4dB; in HH polarisation the responses are respectively -28.1dB and -25.5dB. The CFRP results 
therefore vary by approximately -5.9dB with respect to the metallic return for W  polarisation; and 
+2.6dB with respect to the metallic cylinder for HH polarisation.
Comparison o f the time domain cross polar responses shown in Figure 5-4 and Figure 5-5 also reveal that 
the steel cylinder behaves differently than the CFRP cylinder under static conditions. It may be seen that 
for the metallic cylinder that the average VH and HV responses are respectively -4 1 .8dB and —41.4dB. 
However, in the case o f the CFRP cylinder the average VH and HV returns are -36.9dB and -43.5dB  
respectively. The CFRP results therefore vary by approximately +4.9dB with respect to the metallic return 
for VH polarisation; and -2.1dB with respect to the metallic cylinder for HV polarisation.
It may therefore be concluded that vertically polarised radiation couples and re-radiates more efficiently 
with the metallic cylinder than for the dielectric cylinder. Conversely the dielectric cylinder will couple 
and re-radiate horizontally polarised radiation more efficiently.
Comparison o f the cross polar responses suggest that in the case o f the CRFP cylinder higher cross polar 
conversion will occur for the vertically polarised incident radiation than for the horizontally polarised 
incident radiation.
The following time-domain responses, Figure 5-6 to Figure 5-9, show results for nominally axi-symmetric 
spinning steel and CFRP cylinders with a 240rpm clockwise rotation.
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Figure 5-6 Time-magnitude response metallic cylinder: 240rpm clockwise: VV & HV polarisation
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Figure 5-7 Time-magnitude response metallic cylinder: 240rpm clockwise: HH & VH polarisation
The time-magnitude responses shown in Figure 5-6 and Figure 5-7 reveal results for the metallic (steel) 
cylinder. It is immediately recognisable that non-linear modulation effects are present, and that these 
modulation effects are at twice the rotation frequency rather than mirroring the rotation speed. It is also 
seen that the modulation does not directly fluctuate about the static quiescent levels shown in Figure 5-4, 
and that distinct nulls occur for the cross-polar responses. It is hypothesised that positive and negative 
Doppler components from the cylinders are constructively and destructively mixing together causing these
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null responses, i.e. the spectral components are beating together. The manifestations of which are also 
producing frequency deviations that are a function of time.
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Figure 5-8 Time-magnitude response dielectric cylinder: 240rpm clockwise: VV & HV polarisation
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Figure 5-9 Time-magnitude response dielectric cylinder: 240rpm clockwise: HH & VH polarisation
The time-magnitude responses shown in Figure 5-8 and Figure 5-9, for the dielectric (CFRP) cylinder, 
respectively reveal similar features to Figure 5-6 and Figure 5-7. Again it may be seen that non-linear 
modulation effects are present, and that these modulation effects are at twice the rotation frequency rather
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than mirroring the rotation speed. It can also be observed that the modulation does not directly fluctuate 
about the quiescent levels shown in Figure 5-5. However, the target returns from the CFRP cylinder have 
greater amplitude instabilities and in the case o f the HV cross-polar responses do not show the distinct 
nulls that were seen for the metallic cylinder.
The static and 4Hz rotation rate results are summarised in Table 5-1 and Table 5-2, for the metallic and
CFRP cylinders respectively.
Polarisation Average return loss: Static Average return loss: 240rpm
W -23.5 -25.9
HH -28.1 -27.0
VH -41.9 -40.8
HV -41.4 -38.0
Table 5-1 Summary of average time-magnitude results: static vs. dynamic: metallic cylinder
Polarisation Average return loss: Static Average return loss: 240rpm
W -29.4 -30.5
HH -25.5 -27.3
VH -36.9 -39.3
HV -43.5 -41.8
Table 5-2 Summary of average time-magnitude results: static vs. dynamic: CFRP cylinder
It may be seen that the effect o f rotation causes a decrease in the average W  returns for both metallic and 
CFRP targets; -2.4dB and -1.1 dB respectively. However, the results are mixed for the HH returns with 
+ l.ld B  change for the metallic cylinder and -1.8dB change for the CFRP cylinder. Similar comparisons 
can be drawn for the cross polar results.
5.4.2 Time-phase results
The actual measured data in complex form has been improved using standard one-dimensional phase 
unwrapping techniques based on the Ttoh method’ o f successive differences (Ghiglia and Pritt, 1998). The 
technique was deemed appropriate since the radar returns under investigation are above the noise floor o f  
the radar system. N.B. the successive difference approach is not suitable for noisy signals. Typical data 
sets showing phase against time are respectively shown for the metallic and dielectric cylinders in Figure 
5-10 to Figure 5-13 and Figure 5-14 to Figure 5-17.
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Figure 5-10 Phase response metallic cylinder: 240rpm: VV polarisation
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Figure 5-11 Phase response for spinning steel cylinder 240rpm: HH polarisation
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Figure 5-12 Phase response metallic cylinder: 240rpm: VH polarisation
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Figure 5-13 Phase response metallic cylinder: 240rpm: HV polarisation
Page 61 of 184
Ph
as
e 
an
gl
e 
(r
ad
ia
ns
)
_ ----------  Am biguous phase
■ .i ■■■■,! i______ i ■ i
............  Unwrapped phase
0.1 0.3 0.5 0.7 0.9
Tim e (seconds)
Figure 5-14 Phase response dielectric cylinder: 240rpm: VV polarisation
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Figure 5-15 Phase response dielectric cylinder: 240rpm: HH polarisation
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Figure 5-16 Phase response dielectric cylinder: 240rpm: VH polarisation
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Figure 5-17 Phase response dielectric cylinder: 240rpm: HV polarisation
It is seen from the phase responses shown in Figures 5-10 to Figure 5-13 and Figure 5-14 to 5-17 that the 
CFRP cylinder generates greater phase instabilities than the steel cylinder. Distinct phase reversals are 
noted for all data sets (and especially for the cross-polar plots). It is speculated that surface scattering 
effects are responsible for these differences in behaviour between the steel and CFRP cylinders; the steel 
cylinder is electrically smooth whereas the CFRP whilst appearing to be electrically smooth may actually 
be rough due to the CFRP manufacturing process used. The CFRP cylinder has axial and longitudinal 
filament windings that are impregnated with resin. It is therefore conceivable that the actual carbon fibre
surface is rough. Hence it is hypothesised that the phase variations will be correlated for the steel cylinder 
but partially de-correlated for the CFRP cylinder.
5.5 Frequency domain results and analyses
On the basis o f the preceding time domain analyses it would seem plausible that the rotating cylinders are 
introducing non-linear amplitude-frequency modulation type effects into the radar return signals. Whilst 
further more detailed time domain analyses are available, such as the Allan deviation technique for 
statistically characterising the frequency deviation (IEEE, 1999) these approaches are not pursued in 
favour o f using frequency domain techniques that are more quantitative in nature. Thus complex Fourier 
analyses are performed to identify the constituent Doppler / spectral components present in the 
backscattered target data.
It is stressed that the Fourier technique is a very powerful tool. In the following analyses 1575 point 
complex fast Fourier transform (FFT)’s have been performed providing 0.5Hz frequency resolution 
(Cooley and Tukey, 1965). A high confidence level can therefore be placed on the results, i.e. the results 
contain real features that are not artefacts o f the Fourier process.
Complex Fourier analyses allow the upper and lower sideband components to be extracted from the I-Q 
data without the loss o f information that is associated with using standard ‘magnitude only’ Fourier 
algorithms.
Complex FFTs are applied to the data sets with typical results for the steel and CFRP cylinders 
respectively shown in Figure 5-18 to Figure 5-21 and Figure 5-22 to Figure 5-25. For brevity only one pair 
of metallic /  dielectric results are discussed. Taking the HH polarisation results as typical it may be seen in 
Figure 5-19 that the sideband frequency spectra contains strong components (>10dB with respect to the 
zero Doppler frequency) out to 49Hz. This is contrasted to the CFRP case shown Figure 5-23 where strong 
components exist out to 105Hz. This trend is repeated within the full data set, and for differing 
polarisations, and the results are discussed further in Chapter 8.
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Figure 5-18 Frequency spectra metallic cylinder: 240rpm: VV polarisation
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Figure 5-19 Frequency spectra metallic cylinder: 240rpm: HFT polarisation
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Figure 5-20 Frequency spectra metallic cylinder: 240rpm: VH polarisation
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Figure 5-21 Frequency spectra metallic cylinder: 240rpm: HV polarisation
Detailed observation of Figure 5-19 reveals that;
• in total there are 12 significant sideband frequency pairs (greater than -lOdB with respect to the zero 
Doppler carrier),
• at 20Hz there is a large negative sideband but no corresponding positive sideband suggesting the 
presence of both AM and PM,
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• at 24Hz and 32Hz there are large positive sidebands but no corresponding negative sidebands 
suggesting the presence of both AM and PM,
• at 16Hz and 48Hz there are large positive and negative sidebands respectively o f equal amplitude 
suggesting the presence of AM only, and
• at 40Hz there are large negative and positive sidebands, but with the negative component 6dB lower 
than the positive component suggesting the presence of both AM and PM.
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Figure 5-22 Frequency spectra dielectric cylinder: 240rpm: VV polarisation
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Figure 5-23 Frequency spectra dielectric cylinder: 240rpm: HH polarisation
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Figure 5-24 Frequency spectra dielectric cylinder: 240rpm: VF1 polarisation
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Figure 5-25 Frequency spectra dielectric cylinder: 240rpm: HV polarisation
Detailed observation of Figure 5-23 reveals that;
in total there are 29 significant sideband frequency pairs (greater than -lOdB with respect to the zero 
Doppler carrier),
the peak magnitude of the maximum sideband is lower than that seen in Figure 5-19,
at 69Hz there is a large negative sideband but no corresponding positive sideband suggesting the
presence of both AM and PM,
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• at 36Hz and 85Hz there are large positive sidebands but no corresponding negative sidebands 
suggesting the presence o f both AM and PM,
• at 48Hz and 52Hz there are large positive and negative sidebands respectively o f equal amplitude 
suggesting the presence o f AM only, and
• at 28Hz there are large negative and positive sidebands, but with the positive component 3dB lower 
than the negative component suggesting the presence o f both AM and PM
It is confirmed from analysis o f the I-Q data for the steel cylinder at 16Hz and 48Hz, and the CFRP 
cylinder at 48Hz and 52Hz, that the frequency components are in phase and hence consistent with the 
AM-PM theory discussed earlier. Similarly results are consistent with expected theory where there is an 
imbalance in the magnitudes of a particular sideband pair and / or where the respective components are out 
of phase.
Visual analyses o f the full data set have shown similar imbalances in the resultant power density spectra, 
with respect to the positive and negative sidebands, and about the zero Doppler component. In every case 
an asymmetric and discrete line Doppler spectrum is evident.
5.6 Conclusion and summary o f key issues
Vertically polarised radiation is seen to couple and re-radiate more effectively with the metallic cylinder 
than for the dielectric cylinder; whereas horizontally polarised radiation gives the stronger response in the 
case o f the dielectric cylinder.
Non linear modulation effects are seen for both dielectric and metallic cylinder targets and in particular it 
is noted that the modulation is at twice the rotation frequency.
It has been demonstrated that there are always at least two ratios o f AM to PM, when amplitude only 
information is available, and that this ambiguity can be resolved by using coherent radar processing. 
Complex Fourier techniques were found to be extremely useful in this context since the ratio o f AM to PM 
depends on the relative phases of the modulation sidebands (for any given AM / PM ratio).
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Other techniques used in the analysis, such as the ‘vector in a box’ concept could be applicable to the 
problem o f AM and PM conversion in oscillators and sources. The ‘vector in the box’ concept allows 
ambiguities to be represented and bound in an easily understandable form. Statistical methods based on 
the concept could also be developed, for example, to improve the fidelity o f incoherent polarisation data.
The results indicate that for nominally axi-symmetric rotating cylinders an asymmetric and discrete line 
Doppler spectrum will always be present that can be characterised as AM and PM sideband components. 
The pure AM content appears to be similar for both the steel and CFRP cylinders. However, more AM / 
PM components are exhibited by the CRFP cylinder.
Only the HH polarisation results at 4Hz were discussed in detail in this chapter. Sidebands out to 49Hz 
(for the steel cylinder) and 105Hz (for the CFRP cylinder) are seen impling that significant phase 
modulation is present for both cases. The possible causes o f these modulation effects are discussed in 
subsequent chapters. Similar results were observed across the whole data set providing confidence in the 
fidelity o f the measured results.
The current emphasis on vector modulation techniques should be extended to encompass alternative fields 
of enquiry and especially for understanding the dynamic signatures o f spinning targets. In particular the 
possibility o f AM / PM effects exhibited by materials other than steel and CFRP should be studied. 
Methods o f applying the ‘vector in a box’ concept to incoherent data sets should also be explored.
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CHAPTER 6
COMPLEX DOPPLER: DARK FIELD ILLUMINATION APPLICATION
6.1 Introduction
It was shown in Chapter 4 and Chapter 5 that the radar backscatter response from a broadside illuminated 
nominally axisymmetric electrically large spinning steel cylinder will exhibit strong ‘Doppler shifted’ 
harmonics o f the rotation frequency. These may be caused by small electrical asymmetries or by 
perturbations about the spin axis. This chapter builds on that theme and presents additional measurement 
results that provide insights into the complex Doppler effects observed in the earlier results. Direct and 
delayed Doppler mechanisms are hypothesised (Christensen and Underhill, 2004d); and measurement 
results will be presented to support the proposition. Supporting theory is included in Appendix B.
To understand the complex Doppler spectra present in the previously shown results an empirical approach 
is again adopted. In particular dark ground illumination techniques are reviewed and applied in a new 
context. It will be shown that by creative measurement design the primary and secondary Doppler 
generation mechanisms can be decomposed and hence the complex Doppler understood. Further avenues 
of investigation and additional novel measurement techniques are also proposed.
The philosophy o f static and dynamic RCS measurements and the lack o f “dynamic realism” associated 
with many static experimental results is a topic of contemporary interest for fixed wing aircraft targets 
(Hestilow, 2000). Similarly the identification o f rotary wing vehicles based on characteristic modulations 
imposed on radar returns is an in vogue topic for ground based radar applications (Chen, and Ling, 2002). 
However, the emphasis has been directed towards the radar (inverse synthetic aperture radar) 
measurement o f large complex targets. There remains a gap in the current literature addressing the radar 
measurement o f simple canonical targets under dynamic rather than static conditions. It will be shown that 
significant phenomenological information can be derived about a simple target through correct and 
thoughtful measurement design. The empirical approach adopted here uses a coherent phase coded pulse
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Doppler (PCPD) polarimetric radar. It is suggested that, for simple targets, dynamic measurements are 
more insightful and appropriate than using a mixture o f static measurements and statistical techniques to 
estimate a target’s dynamic radar cross section.
Of special interest in this chapter is the Doppler contribution due to diffraction, and surface waves 
propagating around curved surface o f a cylinder and re-radiating creating delayed Doppler components. 
The topic has only received cursory consideration in open literature. However, previous work performed 
at the Naval Air Warfare Centre (Benson, Hillard, Mensa, Oh, To, and Yates, 1993) indicated the presence 
of strong surface wave coupling and scattering in the shadow region of a drone air vehicle. To study the 
phenomena further a novel radar technique, based on the principle o f dark ground illumination (Longhurst, 
1973), will be used to investigate a 100mm diameter steel cylinder illuminated at 77GHz.
6.2 Doppler hypothesis
It is proposed that the complex Doppler response from the spinning cylinder comprises both direct (first 
order) and delayed (second order) Doppler components. The Doppler mechanisms are illustrated in Figure 
6-1 for the direct Doppler and Figure 6-2 for the delayed Doppler.
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Shadow region 
Maximum -ve Doppler 
Geometrical optics region
Go & return Doppler
Rotation direction 
Maximum +ve Doppler
4  Geometrical optics region 
Go & return Doppler
t  !  1 1
Plane wave illumination 
Figure 6-1 Direct Doppler mechanism (due to specular returns)
The ‘go and return’ Doppler responses are suggested to be the dominating Doppler effects.
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Cylinder
S h ad ow  region Rotation direction
Doppler launch point 1st significant Doppler lifting point
Geometrical optics region Geometrical optics region
Go - Doppler * y ▼ Delayed return Doppler
t 111
Plane wave illumination 
Figure 6-2 Delayed Doppler mechanism (due to diffraction / creeping wave re-radiation)
The delayed Doppler returns are suggested to be of lesser magnitude and thus a second order effect. It is
direction.
6.3 Measurement results
6.3.1 Experimental design
Measurements using a fully polarimetric and coherent PCPD radar were performed under three 
configurations:
•  quasi monostatic.
•  improvised bistatic (transmit coupled).
•  improvised bistatic (receive coupled).
All measurements performed in this chapter investigate the metallic /  steel cylinder target.
The PCPD radar bit rate frequency was 6.25MHz corresponding to a 31 bit code repetition interval o f  
210.6kHz. The polarisation switch frequency is 6.3kHz.
Figure 6-3 shows the standard quasi monostatic experimental set up used to obtain the dynamic signature 
o f a near axi-symmetric spinning cylinder. Whilst the cylinder is electrically smooth it was found in
noted in Figure 6-2 that surface waves will be launched in both a clockwise and counter clockwise
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previous chapters that under dynamic conditions small perturbations would induce small asymmetries into 
the spin and hence phase modulation components in the backscattered signature. The experimental set up 
was used to investigate complex Doppler (i.e. gross first order and second order Doppler).
Receive
antenna 2000mm
Radar
head
Transmit
Antenna
Metallic cylinder
Figure 6-3 Quasi monostatic configuration (complex Doppler interrogation)
The improvised test layout shown in Figure 6-4 was used to obtain bistatic measurements o f the spinning 
cylinder. The specific aim was to study diffraction and creeping wave induced Doppler mechanisms. It is 
noted that the approach fundamentally differs from the more common multi-site bistatic configuration; 
typically used to detect stealthy far field7 objects using the Babinet principle8 (Willis, 1995). In that 
regime beam-fill conditions are not observed and the target will be small in comparison with the radar 
footprint. In the improvised bistatic scenario beam-fill conditions are always observed allowing detailed 
interrogation o f the target surface untainted by localised clutter. The transmit antenna coupled test 
configuration is shown Figure 6-4.
7 The far field or Fraunhofer region is the region surrounding an antenna where the field is represented by 
the radiating field component alone, e.g. where one can assume that the angular field pattern is 
independent o f distance from the antenna. The boundary conditions between the near and far field region
D 2
are commonly defined by the criterion; r = 2 — , where r = distance from antenna, D = antenna diameter
X
and X= wavelength of propagation.
8 Babinet’s principle: the incident field diffracted at an aperture in an infinite plane screen will give rise to 
an equivalent field to that diffracted from an object o f the same shape as the aperture.
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Metallic cylinder
Receive
antenna 90mm1005mm
Radar
head
Horn antenna Horn antenna
Transmit
Antenna Waveguide
Figure 6-4 Improvised bistatic configuration (second order Doppler interrogation)
The aperture o f the antenna used in the coupling determination was 1,452mm2 at the radar head and 
784mm2 at the cylinder target. To perform receive coupled tests the radar head was rotated through 180°. 
The received coupled configuration was inspired by the optical theory o f dark field (ground) illumination 
(Longhurst, 1973). Whilst such approaches are common for applications such as interference microscopy 
the use o f the technique at millimetre wavelengths for the study o f diffraction and creeping wave effects is 
somewhat unique.
In dark ground illumination the direct light is obstructed by the target allowing only the phase 
contributions o f diffracted light, to sum constructively and destructively behind the target, to form an 
image in the shadow region.
The experiment design shown in Figure 6-4 when reconfigured to provide receive coupled operation also 
allows reciprocity effects (for diffraction & creeping wave re-radiation) to be studied; by comparing the 
results with the transmit coupled results.
6.3.2 Time domain results
The results shown is this section show the root sum o f squares (RSS) o f the in-phase (I) and quadrature 
(Q) radar data. The cylinder spin rate is nominally 60 revolutions per minute (rpm). It is noted that at spin
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rates between 50rpm to 120rpm the precision with which the rotation apparatus can be set is typically 
±10rpm. However, once set the rotation accuracy will be better than ±lrpm.
Figure 6-5 and Figure 6-6 show typical polarimetric radar responses over a period of two seconds. A 
twenty second data set is also available for further analysis.
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Figure 6-5 Receive coupled time-magnitude response: 60rpm: VV &HV polarisation
VH polarisation 
HH polarisation
0.0 0.5 1.0 1.5 2.0
Time (seconds)
Figure 6-6 Receive coupled time-magnitude response: 60rpm: HH &VH polarisation
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The results for the improvised bistatic receive coupled configuration indicate that a dark field (ground) 
illumination effect is present. A periodic modulation effect at 1 Hz is also seen for both vertical and 
horizontal polarisations.
Figure 6-7 and Figure 6-8 show results for the transmit coupled configuration. It may be seen that the 
responses are more defined than for the receive coupled scenario. However, in absolute terms the 
magnitude of the respective receive coupled and transmit coupled responses are similar.
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Figure 6-7 Transmit
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Figure 6-8 Transmit coupled time-magnitude response: 60rpm: HH & VH polarisation
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The results for the improvised bistatic transmit coupled configuration indicate that a diffraction / creeping 
wave re-radiation effect is present. A periodic modulation effect at 1 Hz is also seen for both vertical and 
horizontal polarisations. The W  results show deep and distinctive nulls suggesting the presence o f  
Doppler frequency components beating together. The effect is more prominent than for the receive 
coupled results. It is speculated that the effect is a function o f the free space distance o f the receive 
antenna aperture from the cylinder. N.B. At 77GHz 1005mm equates to 258 wavelengths o f travel, and 
90mm equates to 23 wavelengths o f travel. Hence it is debatable whether the two sets o f results in their 
current form can be used to prove or disprove the system reciprocity. It is therefore proposed that further 
experiments be performed to investigate spatial effects due to target position with respect to the transmit 
and receive antennas.
6.3.3 Frequency domain results
The results shown Figure 6-9 to Figure 6-16 were generated using a standard complex fast Fourier 
transform. The approach was adopted to opportunistically exploit the availability o f coherent I-Q radar 
data and hence to enable asymmetries within the Doppler spectra to be studied. To further investigate 
issues associated with spectral imbalances and the reciprocity o f the target signature a complementary set 
o f clockwise and anti-clockwise data are presented for both the dark field illumination and transmit 
coupled scenarios.
Figure 6-9 and Figure 6-10 show results for receive coupled clockwise target rotations. The results shown 
in Figure 6-11 and Figure 6-12 were measured under identical conditions but with anti-clockwise target 
rotation. N.B. No significant components were observed beyond ± 15Hz and hence are not presented.
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Figure 6-9 Received coupled frequency spectra: 60rpm clockwise: VV (solid) & HV (dash) 
polarisation
q j  - 2 0
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Figure 6-10 Received coupled frequency spectra: 60rpm clockwise: HH (solid) & VH (dash) 
polarisation
It may be seen from Figure 6-9 and Figure 6-10, that Doppler shifted harmonics of the rotation frequency 
are present, and that the spectra are slightly asymmetric. Figure 6-11 and Figure 6-12 show the 
corresponding anti-clockwise results.
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Figure 6-11 Received coupled frequency spectra: 60rpm anti-clockwise: VV (solid) & HV (dash) 
polarisation
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Figure 6-12 Received coupled frequency spectra: 60rpm anti-clockwise: HH (solid) & VH (dash) 
polarisation
It may be observed from the anti-clockwise results o f Figure 6-11 and Figure 6-12, that Doppler shifted 
harmonics of the rotation frequency are present, and that the spectra are slightly asymmetric.
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The comparison of Figure 6-9 to Figure 6-11 and Figure 6-10 to Figure 6-12 suggests that reciprocity is 
generally observed, i.e. the negative frequency components close to the carrier for the clockwise rotations 
appear to be a mirror image o f the positive frequency components close to the carrier for the anti­
clockwise rotations etc. The correlation appears greatest for HH polarisation.
Figure 6-13 and Figure 6-14 show transmit coupled results for clockwise target rotations. The results 
shown in Figure 6-15 and Figure 6-16 were measured under identical conditions but with anti-clockwise 
target rotation. N.B. No significant components were observed beyond ± 15Hz and hence are not 
presented.
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Figure 6-13 Transmit coupled frequency spectra: 60rpm clockwise: VV (solid) & HV (dash) 
polarisation
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Figure 6-14 Transmit coupled frequency spectra: 60rpm clockwise: HH (solid) & VH (dash) 
polarisation
It may be seen from Figure 6-13 and Figure 6-14 that for the transmit coupled mode the frequency spectra 
are more asymmetric than for the receive coupled scenario. It is also noted that more Doppler shifted 
harmonics are present and especially so for VV polarisation. Figure 6-15 and Figure 6-16 show the 
corresponding anti-clockwise results.
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Figure 6-15 Transmit coupled frequency spectra: 60rpm anti-clockwise: VV (solid) & FIV (dash) 
polarisation
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Figure 6-16 Transmit coupled frequency spectra: 60rpm anti-clockwise: HH (solid) & VH (dash)
polarisation
It may be observed from the anti-clockwise results of Figure 6-15 and Figure 6-16, that Doppler shifted
harmonics of the rotation frequency are present, and that the spectra are highly asymmetric.
Comparison of Figure 6-13 to Figure 6-15 and Figure 6-14 to Figure 6-16 suggests that there is less
correlation, in terms of reciprocity between the positive and negative spectra for the respective clockwise
and anti-clockwise cases, than seen in the receive coupled results. The results for VV polarisation were
also significantly more asymmetric than those for HH polarisation. It is speculated that the asymmetric
effects observed for the receive coupled results are accentuated in the transmit coupled mode due to the
position of the transmit antenna in the shadow region. The antenna will act as a splash feed in the near
field and will have rapidly fluctuating phase components that will propagate around the cylinder before
being radiated away. In the receive coupled mode the received field would be more uniform on arrival, i.e.
the cylinder would be excited by a plane wave with a constant phase front.
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6.4 Analysis o f results
Section 6.2 and Section 6.3 have addressed second order or delayed Doppler mechanisms. A key feature 
of the results is that subtle effects may be observed using bistatic measurements that would otherwise be 
obscured when adopting a quasi monostatic approach. For example the deep nulls seen in the transmit 
coupled W  polarisation results o f Figure 6-7 would normally be overwhelmed by the corresponding ‘go 
and return’ component present in a quasi monostatic measurement. The effect can be more easily 
visualised by observing the VV polarisation response of Figure 5-6 shown earlier. The deep nulls due to 
the diffraction and creeping wave components are clearly lost.
Whilst the bistatic results presented in this chapter are insightful and help to more fully explain the more 
complicated quasi monostatic results there are short comings in the approach. The results do not take into 
account the effect o f target rotation on the diffraction and creeping wave components. Further 
measurements are recommended using the test configuration shown in Figure 6-17. The configuration 
allows measurements to be taken for anti-clockwise rotations where the diffraction and creeping wave 
energy flows with the angular direction of travel and for clockwise rotations where the diffraction and 
creeping wave energy flows against the angular direction of travel. O f course in a true quasi monostatic 
situation both effects would occur simultaneously and a standing wave type effect would likely occur.
Metallic cylinderReceive antenna
1 metre
Radar
head
Radar absorbing material partition
Transmit antenna Clockwise (or anti-clockwise) spin
Figure 6-17 Delayed Doppler measurement configuration
To study the delayed Doppler further it would be necessary to attempt to isolate the diffraction 
components from creeping wave re-radiation components. RAM could be used in contact with the cylinder 
to prevent diffraction around the curved surface as shown in Figure 6-18.
Page 84 of 184
Radar
RAM wall
Receive antenna Metallic cylinder
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▼ r  T ,
Radar absorbing material (RAM) partition
Clockwise (or anti-clockwise) spin 
Transmit antenna
RAM wall
Figure 6-18 Indirect diffraction isolation measurement configuration
Alternatively there may be merit in re-visting the improvised bistatic receive coupled experiment and 
investigating reactive near field effects, e.g. by positioning the receive antenna within XI4 wavelength of 
the cylinder surface, under both static and dynamic conditions. It would be informative to compare the 
reactive near field, resistive near field and far field responses in an attempt to understand the radiation 
from the target surface. Similarly it would be instructive to probe the field along the length of the cylinder 
(at a distance of XI4 wavelength) to identify the positions of maxima and anti-nodes.
The study is also deficient in measurement results o f pure ‘go and return’ Doppler, i.e. isolation of the ‘red 
shift’ and ‘blue shift’ ‘go and return’ components. It is suggested that the test set shown Figure 6-19 could 
be used to minimise diffraction and creeping wave re-radiation contributions.
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Clockwise (or anti-clockwise) spin
Receive antenna
2 metre
Radar
head
Metallic cylinderTransmit antenna
Radar absorbing material (RAM) wall
Figure 6-19 Go and return isolation measurement configuration
Further trials are recommended using the apparatus o f Figure 6-19 to isolate backscatter from the left and 
right hand edges to gain further insights into the cylinder target phenomenology.
6.5 Discussion and observations
The results support the hypothesis that the complex Doppler consists o f direct and delayed Doppler 
mechanisms. Hence
Point 1: The modus operandi for the generation of the Doppler components consists of instantaneous 
backscattered returns (go and return same edge) and delayed backscattered returns due to diffraction and 
creeping wave re-radiation.
The study of the results also generated a number of propositions (in some cases supported by theory and in 
other cases yet to be substantiated) to help explain the underlying Doppler mechanisms. Hence Point 1 to 
Point 10;
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Point 1: Both diffraction and creeping wave re-radiation effects will contribute to the bistatic 
backscattered response.
Point 2: The re-radiation o f creeping waves will occur uniformly but will decay with an exponential type 
response with respect to path length from ‘launch to lift’.
Point 3: The decay time o f the surface creeping wave will intuitively be invariant for a single excitation 
(assuming homogeneous surface characteristics). However, the cylinder is continuously stimulated by a 31 
bit bi-phase modulated pulse train with a code bit rate o f 160ns, code repetition interval o f 4.96ps, and 
with polarisation switching every 158.72ps. Hence forced resonant effects maybe induced depending 
upon the natural eigen-oscillations o f the system.
Point 4: The creeping wave returns will introduce asymmetries due to the sense o f rotation o f the cylinder, 
i.e. the path length o f the surface wave travelling with the rotation will be shorter than the path length o f  
the surface wave travelling counter to the rotation.
Point 5: Creeping waves propagating around the surface o f a steel cylinder will travel slower than a free 
space /  diffraction wave; and hence different Doppler delays will be present.
Point 6: At faster rotation rates the creeping wave induced asymmetries will be greater.
Point 7: If the cylinder is not perfectly conducting the asymmetries will be greater, i.e. asymmetries are 
dependent upon the conductivity o f the cylinder.
Point 8: If the cylinder surface is rough less creeping wave effects will be induced, i.e. the ‘go and return 
on the same edge’ returns will be stronger.
Point 9: Superposition o f opposite sense creeping waves will give rise to peaks and nulls that are related to 
the rotation frequency.
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Point 10: If the steel cylinder is not perfectly conducting the re-radiation o f the creeping waves may 
exhibit polarisation tilt in the direction o f travel.
, Analogous theory that perhaps could be applied to better explain the delayed Doppler mechanism could be 
borrowed from the HF community. A recent paper by Underhill (2003) describes three propagation modes 
that address the issue o f near field ground losses and their effects on resultant antenna patterns. A new
A
proposition was given that “out to just beyond the near field distance o f about the ground currents
2  it
can radiate very substantially”. This postulate could be explicitly explored using measurement scenarios 
described in this chapter.
Likewise standard theory for radio wave propagation along an imperfectly conducting surface could be 
leveraged to better understand the physics o f the diffraction around the cylinder. For example the 
Leontovich conditions or surface impedance conditions (Dolukhanov, 1971) could be used to find an 
approximate solution to Maxwell’s equations (Maxwell, 1954) and thus to determine the field structure at 
the radar receive antenna.
6.6 Conclusion and summary o f key issues
Novel experimental results were presented that indicate that at least two fundamental modes o f Doppler 
generation are present when a rotating steel cylinder is broadside illuminated by radar. The results 
confirmed the hypothesis that the resultant complex Doppler response from the spinning cylinder consists 
of both direct (first order) and delayed (second order) Doppler components.
Quasi monostatic and improvised bistatic measurements were performed allowing an initial insight into 
the specular and non specular (diffraction and creeping wave re-radiation) Doppler generation 
mechanisms. However, the tests did not allow the pure specular Doppler to be measured in isolation or the 
diffraction generated Doppler to be separated from the surface wave re-radiated Doppler. Additional tests 
were therefore proposed for follow-on studies.
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Dark field illumination and the transmit coupled techniques are highly appropriate for the study of  
spinning electrically large metallic cylinders by radar. The application o f the technique at millimetre 
wavelengths is novel; having previously been used exclusively in the optics domain.
Dark field illumination / reactive near field measurements along the length o f the cylinder were not 
performed but are identified as a potential method to better understand the cylinder field distribution and 
surface radiation effects. The measurements could be easily performed using existing improvised bistatic 
measurement apparatus and would augment existing results recorded at a distance 90mm from the target 
surface.
Further measurements should be performed to isolate the individual ‘red shift’ and ‘blue shift’ ‘go and 
return’ Doppler generation mechanisms that contribute to the complex Doppler / dynamic radar signature 
from an electrically large spinning metallic cylinder.
Dark field illumination / reactive near field measurements should be performed to study the surface field 
distribution in the shadow region o f the cylinder target under both static and dynamic conditions.
The expectation is that these results will lead to better theoretical explanations o f the processes that have 
been described here. A theoretical approach is therefore recommended in this area.
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CHAPTER 7
NEW RESULTS: GEOMETRIES OF MOTION
7.1 Introduction
This chapter gives an insight into the dynamic radar signatures o f a metallic cylinder; and is supported by 
results, shown in appendix D, for a cone-sphere target. New and unexpected measurement results are 
presented and applied in the context o f the study and aero-ballistic analysis o f projectile angular motion 
(Christensen and Underhill, 2004e). The understanding o f the angular motion o f a rigid body, such as a 
spinning projectile in free flight, has traditionally been achieved by using inertial measurement devices, or 
by looking for periodicity in backscattered radar returns, or by optical methods. However, the use o f rate 
gyroscopes and other inertial sensors often necessitates the use o f telemetry that can be both complex and 
costly to implement (e.g. projectile specific and potentially damaged on impact with ground). Similarly 
optical methods are difficult to realise requiring sophisticated projectile tracking and necessitating the use 
of fiducial marks that could potentially be misinterpreted. Whereas a radar solution may be more easily 
implemented, can be used for multiple projectile measurements, and thus may provide a more cost- 
effective solution.
For outside measurement campaigns and flight trials in adverse weather conditions a radar measurement 
solution is preferred and combined with the availability o f coherent radar technologies can provide 
enhanced performance over incoherent system designs.
In this chapter the radar-target theory associated with the measurement o f the rotation o f simple cylindrical 
canonical shaped projectiles will be extended beyond the simple periodicity techniques referred to earlier. 
In particular it will be shown that specific dynamic target motions will produce distinct phenomenological 
features that can be exploited by coherent radar processing.
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7.2 Theoretical review
The theory o f free rotation o f an axi-symmetric body is a complex subject that can be defined using the 
Euler equations o f motion (Gray, 1959) for the respective projectile body axes. A spinning axi-symmetric 
body with no external forces will in general precess with the axis o f symmetry and the angular velocity 
vector moving in a cone. The instantaneous rotation will therefore not be about the axis o f symmetry. 
Hence this is another advantage o f adopting radar based measurement solution since it is necessary to 
relate the projectile body rotations to axes fixed in inertial space, i.e. roll determination rather than spin. A 
statically stable undamped spinning projectile will typically exhibit yawing motion and will trace out a 
rosette pattern as shown in Figure 7-1 (left). The corresponding pattern for a statically unstable 
gyroscopically stabilised projectile is shown Figure 7-1 (right) (HMSO, 1987).
Figure 7-1: Yaw rosette patterns
It is difficult to reproduce such motions in a non ballistic / free flight environment. However, the complex 
motions can be broken down into simpler movements that can be replicated under controlled (non free 
flight) conditions using fixed rotation apparatus as described in Chapter 3. Such experiments have been 
performed and are discussed later. It will be seen that the results presented provide useful insights into 
dynamic target behaviour that may not have otherwise been revealed from measurements o f static radar 
cross section (RCS) alone.
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7.3 Measurement procedure
The cylinder is mounted in the lathe chuck o f the rotation rig apparatus described in Chapter 3. The 
apparatus presently enables three distinct measurement configurations to be realised:
• Nominally axi-symmetric rotations.
• Off-axis symmetric rotations (typically up to 20mm from rotation axis), e.g. hypocyloid type motions.
• Offset axis rotations (typically at angles between 1° to 4° offset with respect to the rotation axis), e.g. 
precession like motions.
In the former two bullets the targets can be considered to be ‘right cylinders’ as discussed in Chapter 4. 
However, the latter bullet approximates to the case for an oblique cylinder9 given the caveat that the plane 
wave illuminating incident rays follow geodesic10 paths around the cylinder surface. In the true physical 
sense the cylinder is still a ‘right cylinder’.
7.4 Exposition o f results
7.4.1 Time domain results
The following time domain results are shown for 120rpm clockwise rotations (except for the static case). 
The results show the root sum o f squares (RSS) o f the radar in-phase (I) and quadrature (Q) channels. In 
Figure 7-2 to Figure 7-5 results may be seen for two types o f off-axis motion (17mm and 19mm).
9 In this case an ‘oblique circular’ cylinder (or tilted cylinder) is considered to be a truncated cylinder that 
has circular bases o f equal size that are not aligned directly above one another, i.e. the cylinder base is at 
an angle to its sides.
10 A geodesic is a curve o f shortest distance that is intrinsic to a surface and that is analogous to a straight 
line in Euclidean space.
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Figure 7-2 Time-magnitude response metallic cylinder 17mm off-axis: 120rpm: VV & HV
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Figure 7-3 Time-magnitude response metallic cylinder 17mm off-axis: 120rpm: HH & VH
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Figure 7-4 Time-magnitude response metallic cylinder 19mm off-axis: 120rpm: VV & HV
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Figure 7-5 Time-magnitude response metallic cylinder 19mm off-axis: 120rpm: HH & VH
The 17mm and 19mm off-axis time-magnitude plots shown Figure 7-2 to Figure 7-5 show similar trends. 
A ringing type response is essentially impressed upon a sinusoidal waveshape that occurs at twice the 
rotation frequency. It is noted that the results are sublty different from those seen for the nominally axi- 
symmetric responses shown in Chapter 5.
In Figure 7-6 to Figure 7-13 four set of offset axis results (at 1.7°, 2.8°, 3.4° and 4.0°) are presented.
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Figure 7-6 Time-magnitude response metallic cylinder 1.7° offset-axis: 120rpm: W  & HV
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Figure 7-7 Time-magnitude response metallic cylinder 1.7° offset-axis: 120rpm: HH & VH
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Figure 7-8 Time-magnitude response metallic cylinder 2.8° offset-axis: 120rpm: VV & HV
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Figure 7-9 Time-magnitude response metallic cylinder 2.8° offset-axis: 120rpm: HH & VH
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Figure 7-10 Time-magnitude response metallic cylinder 3.4° offset-axis: 120rpm: VV & HV
-20
-30
c
<DQt
-50
-60
VH polarisation 
HH polarisation
-70
0.1 0.50.3 0.7 0.9
Time (seconds)
Figure 7-11 Time-magnitude response metallic cylinder 3.4° offset-axis: 120rpm: HH & VH
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Figure 7-12 Time-magnitude response metallic cylinder 4.0° offset-axis: 120rpm: VV & HV
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Figure 7-13 Time-magnitude response metallic cylinder 4.0° offset-axis: 120rpm: HH & VH
It may be seen that the offset axis time-magnitude responses shown Figure 7-6 to Figure 7-13 have 
distinctive characteristics when compared to either the results for the off-axis spinning metallic cylinder or 
those for the nominally axi-symmetric spinning metallic cylinder. It is o f interest that as the obliquity o f 
the targets increase the troughs become progressively deeper.
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7.4.2 Frequency domain
The following frequency domain results are derived from the same data sets as the earlier time domain 
results. The frequency spectra are generated by applying complex FFT techniques to the I-Q channel data.
In Figure 7-14 to Figure 7-21 the frequency spectra for the 17mm and 19mm off-axis rotations are given.
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Figure 7-14 Frequency spectra metallic cylinder 17mm off-axis: 120rpm: VV polarisation
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Figure 7-15 Frequency spectra metallic cylinder 17mm off-axis: 120rpm: HH polarisation
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Figure 7-16 Frequency spectra metallic cylinder 17mm off-axis: 120rpm: VH polarisation
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Figure 7-17 Frequency spectra metallic cylinder 17mm off-axis: 120rpm: HV polarisation
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Figure 7-18 Frequency spectra metallic cylinder 19mm off-axis: 120rpm: V V  polarisation
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Figure 7-19 Frequency spectra metallic cylinder 19mm off-axis: 120rpm: HH polarisation
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Figure 7-20 Frequency spectra metallic cylinder 19mm off-axis: 120rpm: VH polarisation
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Figure 7-21 Frequency spectra metallic cylinder 19mm off-axis: 120rpm: HV polarisation
It may be seen from Figure 7-14 to Figure 7-21 that the 17mm and 19mm off-axis frequency spectra have 
similar characteristics. In particular it is noted that the co-polar responses have more significant features 
than the cross polar responses. However, both co and cross polar Doppler components occupy a definite 
and finite bandwidth. It is suggested from the results that it should be possible to identify / discriminate the 
class of rotation (i.e. off-axis from axi-symmetric etc), from the frequency spectra. However, it may be 
more difficult to resolve the subtlties between the 17mm and 19mm results.
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In Figure 7-22 to Figure 7-37 the frequency spectra for the offset axis results are shown
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Figure 7-22 Frequency spectra metallic cylinder 1.7° offset-axis: 120rpm: VV polarisation
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Figure 7-23 Frequency spectra metallic cylinder 1.7° offset-axis: 120rpm: HH polarisation
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Figure 7-24 Frequency spectra metallic cylinder 1.7° offset-axis: 120rpm: VH polarisation
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Figure 7-25 Frequency spectra metallic cylinder 1.7° offset-axis: 120rpm: HV polarisation
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Figure 7-26 Frequency spectra metallic cylinder 2.8° offset-axis: 120rpm: V V  polarisation
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Figure 7-27 Frequency spectra metallic cylinder 2.8° offset-axis: 120rpm: HH polarisation
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Figure 7-28 Frequency spectra metallic cylinder 2.8° offset-axis: 120rpm: VH polarisation
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Figure 7-29 Frequency spectra metallic cylinder 2.8° offset-axis: 120rpm: HV polarisation
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Figure 7-30 Frequency spectra metallic cylinder 3.4° offset-axis: 120rpm: VV polarisation
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Figure 7-31 Frequency spectra metallic cylinder 3.4° offset-axis: 120rpm: HH polarisation
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Figure 7-32 Frequency spectra metallic cylinder 3.4° offset-axis: 120rpm: VH polarisation
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Figure 7-33 Frequency spectra metallic cylinder 3.4° offset-axis: 120rpm: HV polarisation
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Figure 7-34 Frequency spectra metallic cylinder 4.0° offset-axis: 120rpm: V V  polarisation
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Figure 7-35 Frequency spectra metallic cylinder 4.0° offset-axis: 120rpm: HH polarisation
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Figure 7-36 Frequency spectra metallic cylinder 4.0° offset-axis: 120rpm: VH polarisation
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Figure 7-37 Frequency spectra metallic cylinder 4.0° offset-axis: 120rpm: HV polarisation
The frequency spectra shown Figure 7-22 to Figure 7-37 for the offset axis results are again subtly 
different from the corresponding results for either the off-axis or nominally axi-symmetric spinning 
metallic cylinder targets.
It may be seen for VV polarisation that dominant positive and negative peaks occur about the zero 
Doppler component; each peak with apparent modulation sidebands showing a distinctively shaped line
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spectra. However, the HH polarisation results reveal a number o f lesser magnitude peaks about the zero 
Doppler component; with a less dramatic but similar sideband distribution. The cross polar results also 
possess distinguishing features but these are o f lower magnitude than for either the W  or HH co-polar 
responses.
When comparing like results with respect to increasing offset angle, e.g. 1.7°, 2.8°, 3.4°, and 4.0°, it is 
seen that as a general rule o f thumb the bandwidth increases with increasing target obliquity. This is 
intuitively correct since at greater angles o f inclination, the cylinder trajectory about the axis will be 
greater, and hence a higher maximum Doppler frequency can be expected.
7.5 Discussion and observations
It may be seen that distinct radar signatures are evident for the different classes o f rotation o f the cylinder 
(and cone-sphere). These unique attributes are present in both the time domain and frequency domain 
results. Opportunities therefore exist to robustly characterise a spinning target by applying cross 
correlation techniques such that estimates o f periodicity in the time domain can be verified against 
dominant components contained within the frequency spectra. For example analyses have shown that 
significant frequency components can occur at multiples o f the rotation frequency. These attributes could 
form the basis for the development o f a roll characterisation / estimation algorithm.
The complex frequency spectra indicate that for each class o f rotation a general trend in the distribution o f  
Doppler components will be evident. This is substantiated by other measurement results for other rotation 
rates. The results are not presented here for brevity.
In addition to the study o f these gross effects a more detailed analysis close in to the zero Doppler carrier 
can also provide useful information, e.g. by revealing asymmetries that could be exploited for the 
identification o f in-flight projectile instabilities etc. It is noted that it is the availability o f complex data 
that facilitates the application o f such techniques.
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Only three classes o f rotation were possible using the apparatus shown. It is an aspiration to configure the 
rotation rig with a ‘nodding mechanism’ to allow epicycloid type motions to be reproduced. These are 
more representative o f the motion flown by a barrel rolling projectile; that typically describes a yaw 
rosette.
To date the radar community has focussed on the use o f coherent data for ISAR feature extraction, e.g. 
Wehner (1995), and micro Doppler analysis, e.g. Chen and Ling (2002), i.e. primarily for radar target 
imaging and identification. Whilst these fields o f endeavour are extremely profitable this thesis hopes to 
open up another avenue for investigation. A research tract using coherent radar to provide complex 
angular trajectory data is therefore commended to the reader.
The study o f canonical targets such as cylinders has a long and established pedigree, e.g. Ruck, Barrick, 
Stuart, and Krichbaum, (1970) and Bowman, Senior, and Uslenghi (1987), as it is the study o f these 
simple targets that allows more complex target scenarios to be understood. Another commonly studied 
high frequency RCS target is the cone sphere, e.g. Woo, Wang, Schuh, and Sanders (1993), and hence a 
limited set o f measurements were also performed to characterise the behaviour o f this class o f target under 
dynamic conditions to allow comparisons to be made. These results are presented in Appendix D.
7.6 Conclusion and summary o f key issues
Employing a coherent radar methodology for the measurement o f a rotating body obviates the need for 
optical techniques relying on fiducial marks and inertial approaches using telemetry. The technology is 
therefore highly appropriate for the aero-ballistic analysis o f projectile angular motion.
New and unique measurement results have been presented and a possible time domain-frequency domain 
cross correlation technique has been proposed for the robust determination o f the roll rate o f a cylindrical 
projectile or other spinning dynamic body.
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CHAPTER 8
NEW RESULTS AND DOPPLER-SURFACE MAPPING TECHNIQUE: METALLIC VS DIELECTRIC
8.1 Introduction
In this chapter a new technique is described that maps these frequency spectra (as discussed in previous 
chapters) to the target surface via the estimation of the target scattering half angle (Christensen and 
Underhill, 2004f). It is suggested that the Doppler-surface mapping (D-map) technique is o f practical 
relevance and importance since from knowing the scattering angle and target dimensions it is possible to 
determine the area o f the target surface contributing to the backscattered response.
The results and D-map application are a novel contribution to open source literature in a topic area that is 
generally poorly reported. In the few areas where discrete line spectra from rotating cylinders have been 
addressed the papers have been theoretical in nature; practical results and / or suggested applications have 
not been given. Numerical approaches have been adopted for some classes o f target. In particular quasi- 
stationary methods used in conjunction with the geometrical theory o f diffraction have been used to 
estimate the backscattered power density spectrum o f a large rotating conducting orthogonal polygon 
cylinder o f arbitrary cross section (Chuang, 1979). No other similar references could be found. Other 
recent and relevant work addressing broadside illuminated cylinders, includes the study o f resonant 
attenuation o f perfectly conducting elongated objects (Uberall, Schumacher, and Bao, 1993) and the study 
of complex pole patterns o f finite length cylinders (Merchant, Moser, Nagl, and Uberall, 1988). However, 
both references only discuss the target under static conditions.
The chapter is structured into two key parts. In the first part the D-map technique is described. In the 
second part the metallic and dielectric measurement results o f Chapter 5 are mapped to the target surface 
using the D-map technique and summarised in terms o f scattering half angle.
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8.2 Doppler-surface mapping (D-map") methodology
The formulation o f the D-map technique is best described and understood with reference to Figure 8-1. It 
is assumed that the cylinder is plane wave illuminated by radar and that some energy is backscattered in 
the direction o f the radar source. This energy will contain discrete Doppler components that will fall 
within a bandwidth not greater than twice the maximum Doppler frequency. It will be shown later that the 
bandwidth is narrower than expected and will fall within an angular region about the central axis o f the 
cylinder orthogonal to the plane o f illumination. Figure 8-1 shows the respective positive and negative half 
angle segments.
Cylinder
Shadow region Rotation direction
Maximum -ve Doppler Maximum +ve Doppler
Geometrical optics region Geometrical optics region
Doppler scattering half angleZero Doppler scattering position
t 111
Plane wave illumination 
Figure 8-1 Illustration showing Doppler half angle
The velocity o f a point on the cylinder surface is given by 2 nr  x  f rotation, where r = cylinder radius =
0.05. Hence, the maximum radial velocity can be calculated for rotation frequencies o f interest, as shown 
in Table 8-1.
Rotation frequency Radial velocity of 
point on 
circumference
1Hz 0.314m/s
2Hz 0.628m/s
3Hz 0.942m/s
4 Hz 1.256m/s
5Hz 1.570m/s
6 Hz 1.884m/s
7Hz 2.198m/s
8Hz 2.512m/s
Table 8-1 Maximum radial velocity (vr)
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From Table 8-1 the maximum Doppler at the cylinder edges can be calculated using, f d =  — r—^~,
c
where f d = Doppler frequency, c = speed o f light, and = transmitted frequency. The results are shown 
in Table 8-2.
Rotation
frequency
Maximum
Doppler
deviation
Doppler at 
edges
1Hz 161.38Hz ± 80.69Hz
2Hz 322.76Hz ± 161.38Hz
3Hz 484.14Hz ± 242.07Hz
4 Hz 645.52Hz ± 322.76Hz
5Hz 806.90Hz ± 403.45Hz
6 Hz 968.28Hz ± 484.14Hz
7Hz 1129.66Hz ± 564.83Hz
8 Hz 1291.04Hz ± 645.52Hz
Table 8-2 M axim um  D oppler frequency ( fd )
The angular velocity relative to the radar will have a sin 6  dependency, where 0  = azimuth scattering 
angle about the central longitudinal axis o f the cylinder. The Doppler component will therefore also posses 
a sin 0  dependency, i.e. at the point closest to the radar ( sin 0  = 0) the relative velocity and Doppler 
component will be zero.
The velocity (and hence Doppler) to the edge o f cylinder with respect to radar observer can therefore be 
plotted and used as a means to relate the empirically derived Doppler line frequency spectra to a position 
on the target surface via an estimate o f scattering half angle. A simple motion trajectory-Doppler template 
look-up table relating scatterer position to relative velocity (and Doppler frequency) has therefore been 
constructed using an Excel spreadsheet.
A D-map is therefore defined as a map o f Doppler bandwidth (or Doppler velocity) versus scattering half 
angle. This mapping is exemplified in Table 8-7 to Table 8-10 shown later.
In summary the frequency sideband defines the scatterer position and hence defines angular velocity 
relative to the observer radar. By relating frequency to position it is possible to estimate the width o f the 
surface that corresponds to a particular frequency window / scattering angle. However, it is noted that the 
method will be inaccurate in the central portion where the relative velocity is zero.
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8.3 Application of D-map technique
A sensitivity analysis was performed to determine the optimum threshold with which to study the sideband 
components. The optimum was found to be -lOdBc. Table 8-3, Table 8-4, Table 8-5 and Table 8-6 show 
the maximum sideband excursions and total bandwidth for respective W ,  HH, VH and HV polarisation 
results. The bandwidth ratio (metallic to CFRP) for like rotations is also given.
Rotation
rate
CFRP 
max +ve 
sideband
CFRP
max-ve
sideband
CFRP 
total BW
Metallic 
max +ve 
sideband
Metallic 
max -ve 
sideband
Metallic 
total BW
BW ratio 
metallic / 
CFRP (%)
Static 0.0Hz 0.0Hz 0.0Hz 0.0Hz 0.0Hz 0.0Hz 0%
60rpm 32.0-
32.5Hz
31.0-
31.5Hz
64.0Hz 28.0-
28.5Hz
23.0-
23.5Hz
52.0Hz 81%
120rpm 44.5-
45.0Hz
50.5-
51.0Hz
96.0Hz 28.0-
28.5Hz
22.0-
22.5Hz
49.0Hz 51%
180rpm 75.5-
76.0Hz
75.5-
76.0Hz
152.0Hz 45.0-
45.5Hz
39.0-
39.5Hz
85.0Hz 56%
240rpm 88.0-
88.5Hz
100.5-
101.0Hz
189.5Hz 52.0-
52.5Hz
48.0-
48.5Hz
101.0Hz 53%
300rpm 138.5-
139.0Hz
125.5-
126.0Hz
264.5Hz 55.5-
56.0Hz
65.5-
66.0Hz
122.0Hz 46%
360rpm 162.5-
163.0Hz
144.5-
145.0Hz
308.0Hz 72.0-
72.5Hz
60.0-
60.5Hz
133.0Hz 43%
420rpm 168.5-
169.0Hz
175.5-
176.0Hz
345.0Hz 77.0-
77.5Hz
84.0-
84.5Hz
162.0Hz 47%
480rpm 208.5-
209.0Hz
192.5-
193.0Hz
402.0Hz 112.0-
112.5Hz
104.0-
104.5Hz
217.0Hz 54%
Table 8-3 Bandwidth analysis assuming -lOdBc threshold: W  polarisation
Rotation
rate
CFRP 
max +ve 
sideband
CFRP 
max -ve 
sideband
CFRP 
total BW
Metallic 
max +ve 
sideband
Metallic 
max -ve 
sideband
Metallic 
total BW
BW ratio 
metallic / 
CFRP (%)
Static 0.0Hz 0.0Hz 0.0Hz 0.0Hz 0.0Hz 0.0Hz 0%
60rpm 33.5-
34.0Hz
32.5-
33.0Hz
67.0Hz 16.0-
16.5Hz
16.0-
16.5Hz
33.0Hz 49%
120rpm 52.5-
53.0Hz
46.5-
47.0Hz
100.0Hz 24.0-
24.5Hz
24.0-
24.5Hz
49.0Hz 49%
180rpm 78.5-
79.0Hz
78.5-
79.0Hz
158.0Hz 36.5-
37.0Hz
36.5-
37.0Hz
74.0Hz 47%
240rpm 104.5-
105.0Hz
100.5-
101.0Hz
206.0Hz 48.0-
48.5Hz
48.0-
48.5Hz
97.0Hz 47%
300rpm 125.5-
126.0Hz
130.5-
131.0Hz
257.0Hz 50.0-
50.5Hz
70.5-
71.0Hz
121.5Hz 47%
360rpm 168.5-
169.0Hz
132.5-
133.0Hz
302.0Hz 78.0-
78.5Hz
78.0-
78.5Hz
157.0Hz 52%
420rpm 175.5-
176.0Hz
182.5-
183.0Hz
359.0Hz 98.5-
99.0Hz
98.5-
99.0Hz
198.0Hz 55%
480rpm 200.5-
201.0Hz
184.5-
185.0Hz
386.0Hz 120.0-
120.5Hz
112.0-
112.5Hz
233.0Hz 60%
Table 8-4 Bandwidth analysis assuming -lOdBc threshold: HH polarisation
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Rotation
rate
CFRP 
max +ve 
sideband
CFRP 
max -ve 
sideband
CFRP 
total BW
Metallic 
max +ve 
sideband
Metallic
max-ve
sideband
Metallic 
total BW
BW ratio 
metallic / 
CFRP (%)
Static 0.0Hz 0.0Hz 0.0Hz 0.0Hz 0.0Hz 0.0Hz 0%
60rpm 17.5-
18.0Hz
21.5-
22.0Hz
40.0Hz 6.5-7.0Hz 10.5-
11.0Hz
18.0Hz 45%
120rpm 24.5-
25.0Hz
22.0-
22.5Hz
47.5Hz 16.0-
16.5Hz
12.0-
12.5Hz
29.0Hz 61%
180rpm 33.0-
33.5Hz
36.5-
37.0Hz
70.5Hz 24.0-
24.5Hz
18.0-
18.5Hz
43.0Hz 39%
240rpm 48.0-
48.5Hz
48.0-
48.5Hz
97.0Hz 24.0-
24.5Hz
32.0-
32.5Hz
57.0Hz 59%
300rpm 60.0-
60.5Hz
105.5-
106.0Hz
166.5Hz 30.0-
30.5Hz
30.0-
30.5Hz
61.0Hz 37%
360rpm 126.5-
127.0Hz
72.5-
73.0Hz
200Hz 78.0-
78.5Hz
72.0-
72.5Hz
151.0Hz 76%
420rpm 147.5-
148.0Hz
84.5Hz 233Hz 70.0-
70.5Hz
84.5-
85.0Hz
155.5Hz 67%
480rpm 96.0-
96.5Hz
168.5-
169.0Hz
270.5Hz I llO -
II 2.5Hz
64.0-
64.5Hz
177.0Hz 65%
Table 8-5 Bandwidth analysis assuming -lOdBc threshold: VH polarisation
Rotation
rate
CFRP 
max +ve 
sideband
CFRP 
max -ve 
sideband
CFRP 
total BW
Metallic 
max +ve 
sideband
Metallic 
max -ve 
sideband
Metallic 
total BW
BW ratio 
metallic / 
CFRP (%)
Static 0.0Hz 0.0Hz 0.0Hz 0.0Hz 0.0Hz 0.0Hz 0%
60rpm 28.0-28.5 25.5-26.0 53.5Hz 0.0Hz 5.5-6.0Hz 6.0Hz 11%
120rpm 2.0-2.5Hz 22.0-
22.5Hz
25.0Hz 12.0-
12.5Hz
8.0-8.5Hz 21.0Hz 84%
180rpm 33.0-
33.5Hz
18.0-
18.5Hz
52.0Hz 18.0-
18.5Hz
12.0-
12.5Hz
31.0Hz 60%
240rpm 44.0-
44.5Hz
52.0-
52.5Hz
97.0Hz 24.0-
24.5Hz
0.0Hz 24.5Hz 25%
300rpm 20.0-
20.5Hz
25.0-
25.5Hz
46.0Hz 30.0-
30.5Hz
30.0-
30.5Hz
61.0Hz 133%
360rpm 0.0Hz 78.5-
79.0Hz
79.0Hz 64.0-
64.5Hz
36.0-
36.5Hz
103.0Hz 130%
420rpm 91.5-
92.0Hz
0.0Hz 92.0Hz 84.0-
84.5Hz
56.0-
56.5Hz
141.0Hz 153%
480rpm 80.0-80.5 104.0-104.5 185.0Hz 64.0-
64.5Hz
104.0-
104.5Hz
169.0Hz 91%
Table 8-6 Bandwidth analysis assuming -lOdBc threshold: HV polarisation
Analysis o f the results summarised in Table 8-3 and Table 8-4 show that for both sets o f co-polar 
responses the bandwidth is linearly proportional to the rotation rate. This feature is further illustrated in 
Figure 8-2 and Figure 8-3. However, the ratio o f metallic bandwidth to CFRP bandwidth is invariant with 
rotation rate and is typically 50%, i.e. half the bandwidth. Corresponding cross polar results are 
summarised in Table 8-5 and Table 8-6 and shown in Figure 8-4 and Figure 8-5.
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Figure 8-2 Bandwidth vs. rotation rate: W  polarisation
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Figure 8-3 Bandwidth vs. rotation rate: HH polarisation
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Figure 8-4 Bandwidth vs. rotation rate: VH polarisation
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Figure 8-5 Bandwidth vs. rotation rate: HV polarisation
It is noted that the gradient o f the line for the CFRP results in both VV and HH polarisations is marginally 
steeper than for the corresponding metallic cylinder results.
Having now determined the respective VV, HH, VH and HV bandwidths, from 0 to 8Hz, the D-map 
technique (Excel spreadsheet look up table) is used to generate the scattering half angle results shown in 
Table 8-7 to Table 8-10.
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Rotation
rate
CFRP 
total BW
CFRP 
scattering 
half angle
Metallic 
total BW
Metallic 
scattering 
half angle
Static 0.0Hz 0° 0.0Hz 0°
60rpm 64.0Hz 23.37° 52.0Hz 18.80°
120rpm 96.0Hz 17.30° 49.0Hz 8.73°
180rpm 152.0Hz 18.30° 85.0Hz 10.11°
240r pm 189.5Hz 17.07° 101.0Hz 9.00°
300rpm 264.5Hz 19.07° 122.0Hz 8.70°
360rpm 308.0Hz 18.55° 133.0Hz 7.90°
420r pm 345.0Hz 17.78° 162.0Hz 8.25°
480rpm 402.0Hz 18.14° 217.0Hz 9.68°
Table 8-7 Scattering angle analysis assuming -lOdB threshold: W  polarisation
Rotation
rate
CFRP 
total BW
CFRP 
scattering 
half angle
Metallic 
total BW
Metallic 
scattering 
half angle
Static 0.0Hz 0° 0.0Hz 0°
60rpm 67.0Hz 24.53° 33.0Hz 11.80°
120rpm 100.0Hz 18.05° 49.0Hz 9.73°
180rpm 158.0Hz 19.05° 74.0Hz 8.79°
240r pm 206.0Hz 18.61° 97.0Hz 8.64°
300rpm 257.0Hz 18.57° 121.5Hz 8.66°
360rpm 302.0Hz 18.17° 157.0Hz 9.33°
420rpm 359.0Hz 18.53° 198.0Hz 10.09°
480rpm 386.0Hz 17.40° 233.0Hz 10.40°
Table 8-8 Scattering angle analysis assuming -lOdB threshold: HH polarisation
Rotation CFRP CFRP Metallic Metallic
rate total BW scattering 
half angle
total BW scattering 
half angle
Static 0.0Hz 0° 0.0Hz 0°
60rpm 40.0Hz 14.35° 18.0Hz 6.40°
120rpm 47.5Hz 8.46° 29.0Hz 5.16°
180rpm 70.5Hz 8.37° 43.0Hz 5.10°
240rpm 97.0Hz 8.64° 57.0Hz 5.07°
300rpm 166.5Hz 11.9° 61.0Hz 4.34°
360rpm 200Hz 11.92° 151.0Hz 8.97°
420rpm 233Hz 11.90° 155.5Hz 7.91°
480rpm 270.5Hz 12.09° 177.0Hz 7.88°
Table 8-9 Scattering angle analysis assuming -lOdB threshold: VH polarisation
Rotation
rate
CFRP 
total BW
CFRP 
scattering 
half angle
Metallic 
total BW
Metallic 
scattering 
half angle
Static 0.0Hz 0° 0.0Hz 0°
60rpm 53.5Hz 19.36° 6.0Hz 2.13°
120rpm 25.0Hz 4.44° 21.0Hz 3.73°
180rpm 52.0Hz 6.17° 31.0Hz 3.67°
240rpm 97.0Hz 8.64° 24.5Hz 2.18°
300rpm 46.0Hz 3.27° 61.0Hz 4.34°
360rpm 79.0Hz 4.68° 103.0Hz 6.11°
420rpm 92.0Hz 4.67° 141.0Hz 7.17°
480rpm 185.0Hz 8.24° 169.0Hz 7.52°
Table 8-10 Scattering angle analysis assuming -lOdB threshold: HV polarisation
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Analysis of the D-map results summarised in Table 8-7 and Table 8-8 shows that the scattering angle is 
invariant with respect to rotation rate for both the metallic and CFRP cylinder targets in both VV and HH 
polarisation. Additionally it can be seen that the scattering angle for the CFRP cylinder is double that for 
the metallic cylinder target. It is also seen from Table 8-9 and Table 8-10 that for the cross polar results 
the scattering angle is generally invariant with rotation rate. However, some contradictory anomolies are 
present in these results. These features are further illustrated with reference to Figure 8-6 to Figure 8-9.
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Figure 8-6 Scattering half angle vs. rotation rate: VV polarisation
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Figure 8-7 Scattering half angle vs. rotation rate: HH polarisation
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Figure 8-8 Scattering half angle vs. rotation rate: VH polarisation
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Figure 8-9 Scattering half angle vs. rotation rate: HV polarisation
It is noted that the results shown in Table 8-7 to Table 8-10 show the average scattering angle. The 
bandwidth and hence scattering angle may not always be perfectly symmetrical about the zero Doppler 
component. In Table 8-11 and Table 8-14 the maximum positive and negative line spectra are compared to 
identify asymmetries in the BW about the zero Doppler component. The percentage ratio of the difference 
between the maximum positive and negative frequency excursions and the total bandwidth is calculated, 
and shown for both targets, and grouped according to rotation rate.
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Rotation
rate
CFRP max +ve 
sideband less max - 
ve sideband
CFRP asymmetry 
% of total BW
Metallic max +ve 
sideband less max - 
ve sideband
Metallic asymmetry % 
of total BW
Static 0.0Hz 0.0% 0.0Hz 0.0%
60rpm 1.0Hz 1.6% 5.0Hz 9.6%
120rpm -5.0Hz 5.2% 6.0Hz 12.2%
180rpm 0.0Hz 0.0% 6.0Hz 7.1%
240rpm -11.5Hz 6.1% 4.0Hz 4.0%
300rpm 13.0Hz 4.9% -10.0Hz 8.2%
360rpm 18.0Hz 5.8% 12.0Hz 9.0%
420rpm -7.0Hz 2.0% -7.0Hz 4.3%
480rpm 16.0Hz 4.0% 8.0Hz 3.7%
Table 8-11 Bandwidth asymmetries: W  polarisation
Rotation
rate
CFRP max +ve 
sideband less max - 
ve sideband
CFRP asymmetry % 
of total BW
Metallic max +ve 
sideband less max - 
ve sideband
Metallic asymmetry % 
of total BW
Static 0.0Hz 0.0% 0.0Hz 0.0%
60rpm 1.0Hz 1.5% 0.0Hz 0.0%
120rpm 6.0Hz 6.0% 0.0Hz 0.0%
180rpm 0.0Hz 0.0% 0.0Hz 0.0%
240rpm 4.0Hz 1.9% 0.0Hz 0.0%
300rpm -5.0Hz 1.9% -20.0Hz 16.5%
360rpm 36.0Hz 11.9% 0.0Hz 0.0%
420rpm -7.0Hz 1.9% 0.0Hz 0.0%
480rpm 16.0Hz 4.1% 8.0Hz 3.4%
Table 8-12 Bandwidth asymmetries: HH polarisation
Rotation
rate
CFRP max +ve 
sideband less max - 
ve sideband
CFRP asymmetry 
% of total BW
Metallic max +ve 
sideband less max - 
ve sideband
Metallic asymmetry % 
of total BW
Static 0.0Hz 0% 0.0Hz 0%
60rpm -4.0Hz 10.0% -4.0Hz 22.2%
120rpm 2.5Hz 5.3% +4.0Hz 13.8%
180rpm -3.5Hz 5.0% +6.0Hz 14.0%
240rpm 0.0Hz 0% -8.0Hz 14.0%
300rpm -40.5Hz 24.3% 0.0Hz 0%
360rpm 54.0Hz 27.0% 6.0Hz 4.0%
420rpm 63.0Hz 27.0% -14.5Hz 9.3%
480rpm -72.5Hz 26.8% 48.0Hz 27.1%
Table 8-13 Bandwidth asymmetries: VH polarisation
Rotation
rate
CFRP max +ve 
sideband less max - 
ve sideband
CFRP asymmetry 
% of total BW
Metallic max +ve 
sideband less max - 
ve sideband
Metallic asymmetry % 
of total BW
Static 0.0Hz 0% 0.0Hz 0%
60rpm 2.5Hz 4.7% -5.5Hz 91.7%
120rpm -20.0Hz 80.0% 4.0Hz 19.0%
180rpm 15.0Hz 28.8% 6.0Hz 19.4%
240rpm -8.0Hz 8.2% 24.0Hz 97.8%
300rpm -5.0Hz 10.9% 0.0Hz 0%
360rpm -78.5Hz 99.0% 28.0Hz 27.2%
420rpm 91.5Hz 99.5% 28.0Hz 19.9%
480rpm -24.0Hz 13.0% -40.0Hz 23.7%
Table 8-14 Bandwidth asymmetries: HV polarisation
It may be seen from Table 8-11 ( W  polarisation) that the metallic BW is more asymmetric than the CFRP 
BW, and from Table 8-12 (HH polarisation) that the CFRP BW is more asymmetric than the metallic BW. 
However, these asymmetries are generally small when assessed as a percentage o f the total bandwidth.
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The asymmetries associated with the cross polar responses shown in Table 8-13 and Table 8-14 are 
generally greater and in the case o f HV polarisation less predictable fluctuating between 0 and 100%. 
These percentages directly relate to the scattering angles. The angular asymmetry (offset angle about the
cylinder spin axis) is shown in Table 8-15 to Table 8-18.
Rotation
rate
CFRP
scattering half 
angle
CFRP angular 
asymmetry
Metallic 
scattering half 
angle
Metallic angular 
asymmetry
Static 0° 0° 0° 0°
60rpm 23.37° o 4* o 18.80° 1.8°
120rpm 17.30° 0.9° 8.73° 1.1°
180rpm 18.30° 0° 10.11°
oo
240rpm 17.07° 1.0° 9.00° o 4*. o
300rpm 19.07° 0.9° 8.70° O o
360rpm 18.55° 1.1° 7.90° o o
420rpm 17.78° o 4* o 8.25° O 4* o
480rpm 18.14° o o J 9.68° O 4* o
Table 8-15 Angular asymmetries: W  polarisation
Rotation
rate
CFRP
scattering half 
angle
CFRP angular 
asymmetry
Metallic 
scattering half 
angle
Metallic angular 
asymmetry
Static 0° 0° 0° 0°
60rpm 24.53° o 4* o 11.80° 0°
120rpm 18.05° 1.1° 9.73° 0°
180rpm 19.05° 0° 8.79° 0°
240rpm 18.61° o 4* o 8.64° 0°
300rpm 18.57° O 4* o 8.66° 1.4°
360rpm 18.17° 2.2° 9.33° 0°
420rpm 18.53° o 4^ o 10.09° 0°
480rpm 17.40° O o 10.40°
oo
Table 8-16 Angular asymmetries: HH polarisation
Rotation
rate
CFRP
scattering half 
angle
CFRP angular 
asymmetry
Metallic 
scattering half 
angle
Metallic angular 
asymmetry
Static 0° 0° 0° 0°
60rpm 14.35° 1.4° 6.40° 1.4°
120rpm 8.46°
od
5.16° o o
180rpm 8.37° o 4* o 5.10° o o
240rpm 8.64° 0° 5.07° o o
300rpm 11.9° 2.9° 4.34° 0°
360rpm 11.92° 3.2° 8.97° O 4» o
420rpm 11.90° 3.2° 7.91° O o
480rpm 12.09° 3.2° 7.88° 2.1°
Table 8-17 Angular asymmetries: VH polarisation
Rotation CFRP CFRP angular Metallic Metallic angular
rate scattering half 
angle
asymmetry scattering half 
angle
asymmetry
Static 0° 0° 0° 0°
60rpm 19.36° o to o 2 .13° 2.0°
120rpm 4.44° 3.6° 3.73° Ip o
180rpm 6.17° 1.8° 3.67° 0.7°
240rpm 8.64° o o 2.18° 2.1°
300rpm 3.27° O 4^ o 4.34° 0°
360rpm 4.68° 4.6° 6.11° 1.7°
420rpm 4.67° 4.6° 7.17° 1.4°
480rpm 8.24° 1.1° 7.52° 1.8°
Table 8-18 Angular asymmetries: HV polarisation
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A further supplementary analysis is presented that investigates sideband conversion. The results are shown 
in Figure 8-10 to Figure 8-13.
80
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Metallic (positive) 
Metallic (negative)60
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0
3 5 7
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Figure 8-10 Sideband conversion vs. rotation rate: VV polarisation
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CFRP (negative) 
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Figure 8-11 Sideband conversion vs. rotation rate: HH polarisation
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Figure 8-12 Sideband conversion vs. rotation rate: VH polarisation
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Figure 8-13 Sideband conversion vs. rotation rate: HV polarisation
It may be seen from Figure 8-10 and Figure 8-11 that the carrier to Doppler sideband conversion is 
significant. For VV polarisation there is 50% conversion for both target types. For HH polarisation there is 
40% conversion for the metallic cylinder and a 75% conversion for the CFRP cylinder.
For both targets and polarisation types the spin rate appears to be relatively invariant with respect to the 
percentage of sideband conversion. However, a few anomalies are noted. For VV polarisation the sideband 
conversion drops to below 10% at 1Hz rotation rate and remains at this level until 5Hz. At 5Hz there is a
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step in the metallic cylinder response up to the 20% level. For HH polarisation there is a 10% variation 
between the metallic cylinder initial level at 1Hz and that at 5Hz. At 8Hz all four HH polarisation 
responses have coalesced to a nominal value less than 10% of the initial zero Doppler energy.
The cross polar responses o f Figure 8-12 and Figure 8-13 show similar but less dramatic sideband 
conversion. It may be noted that the energy is distributed evenly between the positive and negative 
sidebands for both targets and for both sets o f co-polar and cross polar results.
8.4 Discussion and observations
For both targets the Doppler bandwidth (BW) was smaller than theory would suggest. Table 8-19 to Table 
8-22 summarise the results and compare the theoretical BW with the measured BW.
Rotation
rate
Theoretical
BW
Measured BW W  
polarisation
Measured BW HH 
polarisation
W  Ratio 
(measured / 
theoretical) %
HH Ratio 
(measured / 
theoretical) %
1 161.38Hz 52.0Hz 33.0Hz 32.2% 20.4%
2 322.76Hz 49.0Hz 49Hz 15.2% 15.2%
3 484.14Hz 85.0Hz 74.0Hz 17.6% 15.3%
4 645.52Hz 101.0Hz 97.0Hz 15.1% 15.0%
5 806.90Hz 122.0Hz 121.5Hz 15.1% 15.1%
6 968.28Hz 133.0Hz 157.0Hz 13.7% 16.2%
7 1129.66Hz 162.0Hz 198.0Hz 14.3% 17.5%
8 1291.04Hz 217.0Hz 233.0Hz 16.8% 16.8%
Table 8-19 Bandwidth characteristics: metallic cylinder co-polar
Rotation Theoretical Measured BW Measured BW HV VH Ratio HV Ratio
rate BW VH polarisation polarisation (measured / 
theoretical) %
(measured / 
theoretical) %
1 161.38Hz 18.0Hz 6.0Hz 11.2% 3.7%
2 322.76Hz 29.0Hz 21.0Hz 9.0% 6.5%
3 484.14Hz 43.0Hz 31.0Hz 8.9% 6.4%
4 645.52Hz 57.0Hz 24.5Hz 8.8% 3.8%
5 806.90Hz 61.0Hz 61.0Hz 7.6% 7.6%
6 968.28Hz 151.0Hz 103.0Hz 15.6% 10.6%
7 1129.66Hz 155.5Hz 141.0Hz 13.8% 12.5%
8 1291.04Hz 177.0Hz 169.0Hz 13.7% 13.1%
Table 8-20 Bandwidth characteristics: metallic cylinder cross polar
Rotation
rate
Theoretical
BW
Measured BW W  
polarisation
Measured BW 
HH polarisation
W  Ratio 
(measured / 
theoretical) %
HH Ratio 
(measured / 
theoretical) %
1 161.38Hz 64.0Hz 67.0Hz 39.7% 41.5%
2 322.76Hz 96.0Hz 100.0Hz 29.7% 31.0%
3 484.14Hz 152.0Hz 158.0Hz 31.4% 32.6%
4 645.52Hz 189.5Hz 206.0Hz 29.4% 31.9%
5 806.90Hz 264.5Hz 257.0Hz 32.8% 31.9%
6 968.28Hz 308.0Hz 302.0Hz 31.8% 31.2%
7 1129.66Hz 345.0Hz 359.0Hz 30.5% 31.8%
8 1291.04Hz 402.0Hz 386.0Hz 31.1% 29.9%
Table 8-21 Bandwidth characteristics: dielectric cylinder co-polar
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Rotation
rate
Theoretical
BW
Measured BW 
VH polarisation
Measured BW 
HV polarisation
VH Ratio 
(m easured / 
theoretical) %
HV Ratio 
(m easured / 
theoretical) %
1 161.38Hz 40.0Hz 53.5Hz 24.8% 33.2%
2 322.76Hz 47.5Hz 25.0Hz 14.7% 7.7%
3 484.14Hz 70.5Hz 52.0Hz 14.6% 10.7%
4 645.52Hz 97.0Hz 97.0Hz 15.0% 15.0%
5 806.90Hz 166.5Hz 46.0Hz 20.6% 5.7%
6 968.28Hz 200Hz 79.0Hz 20.7% 8.2%
7 1129.66Hz 233Hz 92.0Hz 20.6% 8.1%
8 1291.04Hz 270.5Hz 185.0Hz 21.0% 14.3%
Table 8-22 Bandwidth characteristics: dielectric cylinder cross polar
The results can perhaps be explained if  one considers the cylinder surface as a number o f short tangential 
strips rather than point sources. The effect of Snells cosine law, e.g. specular returns at oblique angles, will 
then create the following dichotomy:
Maximum amplitude backscatter and zero Doppler will be seen head on but minimum amplitude 
backscatter and maximum Doppler will be seen at the edges. The implications of the phenomena may 
explain why Doppler components are only evident out to approximately 15% and 30% of the expected 
maximum Doppler for the respective metallic and CFRP cylinders. It would be an interesting exercise to 
perform multi-static radar measurements to interrogate the Doppler components at the edges from 
different observation positions. A possible configuration is shown in Figure 8-14.
Metallic cylinder
Receive 
antenna 1
Receive 
antenna 2
Radar absorbent tile 1
Transmit
antenna
Radar
head
Directional coupler Radar absorbent tile 2
Figure 8-14 Multistatic test configuration
From a metrological perspective the metallic and CFRP cylinders are shown to be smooth to within 1.5% 
and 3% of a wavelength. However, in practice the CFRP cylinder may be less electrically smooth than the 
mechanical dial gauge tests of Chapter 3 would indicate. This may be a function of the way in which the 
CFRP cylinder was manufactured. The cylinder is constructed from axial and longitudinal filament
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windings that are impregnated with resin. Inhomogeneous areas may therefore exist beneath the resin 
surface that may account for the difference in results between the CFRP and metallic cylinder targets, i.e. 
the doubling of the Doppler half scattering angle etc.
The implications o f the above results are important and suggest that the D-map technique could be used to 
discriminate between targets with differing electrical (material) properties or surface roughness 
characteristics.
8.5 Summary o f findings
Key findings are summarised and listed below.
• Significant co-polar sideband conversion occurs, for both the metallic and CFRP cylinders, under 
dynamic conditions.
• Co-polar sideband conversion is invariant with respect to rotation frequency.
• Doppler bandwidth is linearly proportional to rotation frequency.
• The ratio ‘metallic to CFRP’ bandwidth is invariant with respect to rotation frequency.
•  The Doppler bandwidths for the CFRP cylinder are 50% greater than those for the metallic cylinder.
• The measured Doppler bandwidths for the metallic and CFRP cylinders are respectively 15% and 
30% of the theoretical maximum.
• The scattering half angles for both metallic and CFRP cylinders are invariant with rotation frequency.
• The scattering half angles for the CFRP cylinder are 50% greater than those for the metallic cylinder.
8.6 Conclusion
The D-map methodology is simple to apply and exploits the unique spectral features associated with the 
Doppler frequency spectra from rotating electrically large cylindrical targets. The technique has been 
shown to be useful for studying dynamic target signatures and is therefore a valuable contribution to the 
state o f the art in this area.
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The use o f the half scattering angle to map the Doppler spectra to the target surface is novel and has been 
shown to be a robust technique. The D-map methodology provides a mechanism to discriminate between 
targets with differing electrical (material) properties or surface roughness characteristics and hence has 
utility for a variety o f scientific and industrial applications.
The D-map methodology is effectively a map o f Doppler bandwidth (or Doppler velocity) versus 
scattering half angle and is commended to the reader for the study o f dielectric and metallic spinning 
canonical targets such as cylinders, spheres and cones etc.
The D-map technique could be extended to accommodate complex trajectories o f motion as described in 
Chapter 7. Trigonometric identities describing epicycloid type motions should therefore be used to 
develop a new look-up table relating angular velocity to position on the target surface. Half scattering 
angle characteristics could then be estimated for free flight projectiles exhibiting roll, pitch and yaw 
motions.
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CHAPTER 9
SUMMARY AND DISCUSSION
9.1 Chapter synopsis and review
In Chapter 1 a need to study rotating electrically large dielectric and metallic canonical targets (and 
especially spinning cylinders) is established and applications are expounded substantiating the validity o f  
the research area. It is seen that gaps exist within current understanding in this domain, e.g. in the 
treatment o f dynamic signatures using coherent radar, and an appropriate field of inquiry is proposed. The 
research theme followed in subsequent chapters is introduced and formulated within a narrow focus. 
Essentially an empirical approach investigating principally cylindrical targets is advocated.
In Chapter 2 a new and unique coherent polarimetric phase coded pulse Doppler millimetre wave radar 
data collection and analysis facility is described. The attributes o f the radar hardware and the quasi 
monostatic antenna are discussed. The chapter allows the reader to make sense o f the subsequent chapters 
where the radar is used to study dynamic target phenomenology. Antenna azimuth and elevation cuts are 
also provided (calibrated against a static cylinder) allowing the beampattem characteristics to be 
understood in the context o f the thesis focal theory, i.e. the study o f rotating cylinders broadside 
illuminated by the PCPD radar.
In Chapter 3 the experiment design, rotation rig apparatus and target set are described. Sufficient 
information is provided to allow the measurements reported in this thesis to be independently repeated and 
/ or follow-on measurements to be conducted. Sound mechanical engineering practices are followed 
resulting in a rotation rig assembly that is fit for purpose; the rotation drive mechanism is extremely stable 
with rotation speeds able to be set with precision and measured to an acceptable accuracy. Stable rotation 
can be conferred to the targets via the lathe chuck mechanism that is mounted on the drive shaft. This 
aspect o f the design is elegant and exploits the inherent ‘precision engineered’ qualities associated with 
lathe chucks. The physical characteristics o f the target set are given and surface roughness measurements
Page 131 of 184
o f the dielectric and metallic cylinders reported. Both these target were found to be physically / electrically 
smooth and to have acceptable concentricity.
In Chapter 4 new and unexpected results are presented for a nominally axi-symmetric electrically smooth 
broadside illuminated spinning metallic cylinder. These results contain strong Doppler shifted harmonic 
components o f the rotation frequency that are speculated to be due to small electrical asymmetries or to 
small perturbations about the axis of rotation. Discrete line spectra are observed with distinct nulling of the 
zero Doppler carrier in some cases. The results are o f interest because the effects observed are greater than 
would be intuitively expected or predicted using existing theory. It is suggested that the effects seen are 
consistent with the presence o f correlated AM and PM components. Results for electrically smooth and 
rough surface cylinders are also presented and discussed. Both targets show significant sideband 
conversion. For the electrically smooth cylinder there is a rapid roll o ff in the power density spectrum with 
no significant components beyond one quarter o f the predicted maximum Doppler frequency. The 
electrically rough cylinder behaves more as expected with energy at frequencies up to the maximum 
Doppler frequency (at a point on the cylinder surface).
In Chapter 5 the asymmetric and discrete line spectra seen in Chapter 4 are studied in more detail. It is 
reiterated that the spectrum can be characterised by correlated AM and PM components and a new ‘vector 
in a box’ approach is used to understand the concomitant ambiguities associated with the representation o f  
these types o f modulation phenomena. Results for dielectric (CFRP) and metallic (steel) cylinders are 
considered for static and 240rpm rotation rates. Time domain and frequency domain analyses are 
performed. It is seen from the time domain results that the dielectric and metallic cylinder behave 
differently. Vertically polarised radiation is seen to couple and re-radiate more effectively with the 
metallic cylinder than for the dielectric cylinder; whereas horizontally polarised radiation gives the 
stronger response in the case o f the dielectric cylinder. It is seen from the dynamic results that non linear 
modulation effects are present for both targets and that the modulation is at twice the rotation frequency. 
Phase plots generated using a standard one-dimension phase unwrapping algorithm also indicated that the 
phase fluctuations are greater for the dielectric cylinder. Complex Fourier techniques are used to support 
the frequency domain analyses. It is demonstrated that there are always at least two ratios o f AM to PM, 
when amplitude only information is available, and that this ambiguity can be resolved by using coherent
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radar processing. Complex Fourier techniques are identified as extremely useful in this context since the 
ratio o f AM to PM depends on the relative phases o f the modulation sidebands (for any given AM / PM 
ratio). The ‘vector in a box’ concept is subsequently proposed allowing these ambiguities to be 
represented and bound in an easily understandable format.
In Chapter 6 the concept o f ‘complex Doppler’ is introduced and a non-typical application o f the dark field 
illumination technique is used to decompose the target signature to identify direct (first order) and delayed 
(second order) Doppler mechanisms. It is postulated that the direct Doppler mechanism is attributed to 
specular returns whereas the delayed Doppler mechanism is attributed to a combination o f creeping wave 
re-radiation and diffraction. Results are presented to support the hypothesis. Quasi monostatic and 
improvised bistatic results are compared and indicate that the hypothesis has foundation. The expectation 
is that these results will lead to better theoretical explanations o f the diffraction and creeping wave / 
surface wave re-radiation effects seen. It is concluded that the dark field illumination application (and 
variants o f the technique) developed within the context o f the improvised bistatic measurements is highly 
appropriate for the interrogation o f diffraction and surface radiation effects.
In Chapter 7 further results are given for two additional classes o f geometry o f motion (off-axis and offset 
axis). Deeper insights into dynamic target phenomenological behaviour are revealed and it is suggested 
that these new results could lead to improved methods for the aero-ballistic analysis o f projectile angular 
motion. It is found that employing a coherent radar methodology for the measurement o f a rotating body 
obviates the need for optical techniques relying on fiducial marks and inertial approaches using telemetry. 
A possible time domain -  frequency domain cross correlation technique is also proposed for the robust 
determination o f the roll rate o f a cylindrical projectile or other spinning dynamic body.
In Chapter 8 a new Doppler-surface mapping (D-map) methodology is given that provides a mechanism to 
discriminate between targets with differing electrical (material) properties or surface roughness 
characteristics. The D-map technique is shown to be simple to apply and allows the unique spectral 
features associated with the Doppler line spectra from rotating electrically large canonical targets such as 
cylinders to be exploited. Results for the dielectric and metallic cylinders are studied at rotations rates 
between 0 and 8Hz at 1Hz intervals. It is seen that the Doppler bandwidth is linearly proportional to
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rotation frequency and that the ratio o f metallic to dielectric bandwidth is invariant with respect to rotation 
frequency. However, the Doppler bandwidth for the dielectric cylinder is 50% greater than for the metallic 
cylinder. It follows that the scattering half angles for both the metallic and dielectric cylinders are 
invariant with rotation frequency and that the scattering half angle for the dielectric cylinder is 50% 
greater than for the metallic cylinder. The D-map technique is shown to be a robust method for 
determining scattering angle and is commended to the reader for the study o f rotating electrically large 
dielectric and metallic canonical targets such as cylinders.
9.2 Limitations
The main limitation o f the research thesis is the lack o f theory to explain the new and unexpected dynamic 
phenomenological effects seen. Important new results are presented that are not adequately explained by 
existing literature. The development o f a thorough theoretical understanding of, in particular, the complex 
Doppler line spectra should be promptly addressed in subsequent follow-on activities.
Whilst a comprehensive set o f measurement results are available die study was restricted to the study o f a 
limited target set comprised mainly o f cylinders.
The targets are simple closed body types, e.g. closed surface cylinder, cone-sphere etc. The work did not 
attempt to address more complex targets, i.e. such as for those with open structure features, e.g. cylinders 
with axial / transverse slots etc. Similarly hybrid canonical-complex targets, such as cylinders with 
canards and fins etc. were also excluded from the study. These targets were considered to be beyond the 
remit o f the thesis objectives.
Only cylinders o f 100mm diameter were available to support the research. It would be appropriate to 
investigate other electrically large (closed body) cylinders, o f differing diameter and where true beam-fill 
illumination (in azimuth and elevation) could be investigated. Additional measurements in this area may 
lead to better insights into both complex Doppler and the dynamic surface wave phenomena associated 
with electrically large spinning cylinders. N.B. the general area o f surface / travelling waves on moving 
objects is not well understood.
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Measurements were performed at 77GHz (wavelength 3.89mm) only. Hence it was only possible to study 
one electrically large target scenario, e.g. for the 100mm diameter cylinder o f circumference 817.. It would 
be desirable to illuminate the target at other frequencies (wavelengths) or scale results using different 
diameter targets such that issues associated with spinning electrically small bodies and transition region 
(electrically small to electrically large) effects can also be studied. It is suggested that such studies would 
provide greater insights into dynamically induced resonant effects on cylinders and other curved bodies. 
The study would be analogous to the classical work on Mie region scattering where static RCS responses 
of spheres o f differing circumference to wavelength ratio have been widely reported (Skolnik, 1981b).
Only two types o f metallic and dielectric cylinder were investigated. The study o f targets made of  
materials other than steel and CFRP could offer additional insights into dynamic target phenomenology, 
i.e. for understanding complex Doppler from cylinders with different electrical properties or surface 
material characteristics etc. In particular it would be advantageous to study a metallic cylinder (such as 
Aluminium) that does not contain ferrous components. In hindsight it is speculated that the steel cylinder 
could exhibit hysteresis type effects or magnetic structural anomalies that may account for some o f the 
novel effects seen.
Only single material targets were available to support the research activity. It would be appropriate in the 
context o f the study o f broadside illuminated cylinders to study a target fabricated using a pair of  
dissimilar materials such that two identical and matching half cylinder segments are merged to form a 
single cylinder. The resultant ‘red shift’ and ‘blue shift’ components could then be studied further.
Only one type o f electrically rough metallic cylinder target was investigated that is best described as 
possessing regularly distributed surface roughness. For many real world situations where man-made 
objects are being studied (e.g. a metallic surface with a seam o f rivets or bolt heads) this is not an 
unreasonable approximation with which to investigate the surface roughness phenomenon. However, it is 
also desirable to study cylinder targets with statistically random surface roughness features and with 
differing magnitudes (heights) / classes o f surface roughness finish. These additional results would enable 
the extent o f the Doppler spectra to be related to the surface roughness scattering laws described earlier in 
Section 3.5.
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Only target rotation rates between 0Hz and 8Hz were considered, i.e. those results gathered using the DC 
motor and gearbox. The rotation rig apparatus could be configured with the alternative DC motor to study 
target rotations up to 25Hz. Further work is recommended at these faster rotation rates to gain additional 
insights into dynamic target phenomenology, e.g. to understand the relationship between Doppler 
harmonics and sub-harmonics o f the rotation frequency. For rotation rates greater than 25Hz it is 
suggested that the cylinder target be measured whilst mounted in and spun by an industrial lathe.
Only three types o f geometry o f motion were studied, i.e. axi-symmetric, off-axis and offset axis. It would 
be desirable to investigate true epicycloid (e.g. combined roll, pitch and yaw) type motions. This would 
allow free flight conditions to be approximated.
This thesis has given only cursory consideration to the decomposition o f complex Doppler. Further work 
is required including:
• To further investigate ‘go and return’ Doppler; including the isolation o f the ‘red shift’ and ‘blue 
shift’ components.
• To further investigate delayed Doppler; including the isolation o f the diffraction and surface creeping 
wave re-radiation components.
Comparatively few measurements were performed using improvised bistatic methods as were performed 
for the quasi monostatic scenarios; in particular only the electrically smooth metallic cylinder was studied 
under the former conditions.
9.3 Outcomes
The activities performed during the research period 1999-2004 were directed towards satisfying the 
research objectives defined in Section 1.2. This thesis summarises the research findings and substantiates 
that the work was brought to a successful conclusion. The research objectives were met in full;
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The capabilities o f the new coherent polarimetric phase coded pulse Doppler radar were practically 
evaluated under a number o f experimental conditions. New experimental techniques were developed that 
allowed:
• better understanding o f the complex Doppler responses o f spinning cylindrical targets.
•  better understanding o f the electromagnetic behaviour o f (a) rotating electrically smooth steel 
cylinders, (b) rotating electrically rough steel cylinders, and (c) rotating physically smooth carbon 
fibre reinforced plastic cylinders.
•  better understanding o f the electromagnetic behaviour o f (a) nominally on-axis (axi-symmetric) 
spinning, (b) off-axis spinning (eccentric), and (c) offset-axis spinning (precession-like) cylindrical 
targets.
A series o f structured trials were designed that allowed new and original data to be gathered. New analysis 
techniques were subsequently developed based on the availability and novel features o f the new data. The 
data enabled novel applications to be found that exploited dynamic target phenomenological features 
associated with simple spin and more complex rotation trajectories.
9.4 General
A number o f observations and influencing factors that were pertinent to the course o f the research are 
listed as follows:
• The direction o f the research was contingent on the measurement effects observed.
• The research theme was consistent and led to a logical conclusion; i.e. some research tracts were 
identified but not followed being considered outside o f the remit o f the thesis focal theory.
• The visual representation o f the measurement results is an important issue should an empirical 
approach be followed.
• The research approach was intuitive illustrating the intrinsic physics associated with the field o f study 
rather than being overtly mathematical.
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CHAPTER 10
CONCLUSIONS
10.1 Key observations
The following points are highlighted.
• This thesis focuses attention on the subject of Doppler signatures from rotating canonical targets.
• Coherent radar is essential for the complete understanding o f complex Doppler effects from rotating 
cylinder targets.
•  The complex Fourier transform is a well established but powerful technique that has been effectively 
used to support the thesis.
•  The expectation is that the results contained in this thesis will lead to better theoretical explanation o f  
the processes that have been described herein.
10.2 Key measurement findings
For a nominally axi-symmetric spinning electrically smooth steel cylinder an asymmetric and distinct 
Doppler - line frequency spectrum will always be present. This is consistent with the presence of 
correlated AM and PM components. The results are plausible given that in ‘real world’ situations it is 
unlikely that a true axi-symmetric rotation will be experienced. Slight perturbations will always be 
present. Similarly it is reasonable to assume that even a precision turned cylinder manufactured with high 
quality steel will posses small electrical inhomogeneities. Notwithstanding the results are o f interest 
because the modulation effects seen are greater than would be intuitively expected or predicted using 
existing theory.
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10.3 Thesis synopsis
The following bullet points summarise the key stages in the research development:
•  A need to study spinning cylinders and related targets was established.
•  An appropriate research proposal was formulated with a focussed field o f inquiry.
• The experimental apparatus and radar facility required to support the research were designed, built 
and successfully used / demonstrated.
• Radar measurements were performed providing an extensive data set for analysis.
• The analysis o f the measurement results revealed the presence o f ‘never seen before’ / previously 
unexplained phenomena.
• The research undertaken provided novelty in content, approach and application.
• The objectives o f the research period were entirely met.
10.4 Utility o f the research
A holistic set o f ideas have been introduced that have coalesced towards an efficacious solution to 
problem of identifying spinning missiles and other targets o f interest. The important tenants o f the work 
include.
• The study o f the diffraction and scattering from:
• Electrically rough and electrically smooth targets.
• Dielectric and metallic targets.
• Static and dynamic targets.
• The use o f coherent (I-Q) data to study:
• Modulation and phase effects.
• Complex Doppler.
• Nominally axi-symmetric, eccentric (off-axis), and precession-like (offset axis) rotations.
• The development o f the Doppler-surface mapping (D-map) technique.
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10.5 Importance of thesis
The following items can be regarded as novel and advances in the state o f the art:
• New radar
• Coherent polarimetric phase coded pulse Doppler radar: the exposition of a unique measurement 
facility employing techniques of contemporary interest.
• New results
• Measurements of complex Doppler (direct and delayed Doppler) from rotating cylinders (quasi 
monostatic): the identification of the presence of strong ‘Doppler shifted’ harmonics of the 
rotation frequency.
• Measurements o f delayed Doppler (improvised bistatic): the decomposition of second order
. creeping wave re-radiation and diffraction effects from ‘direct Doppler’ specular components.
• Measurement o f targets exhibiting complex geometries o f motion: the identification of unique 
dynamic phenomenological target features leading to enhanced aero-ballistic analysis of 
projectile angular motion.
• New applications
• Vector in a box concept: provides improved visual representation of ambiguities associated with 
AM and PM sideband conversion.
• Novel application o f the dark field illumination technique using millimetre waves: provides new 
insights into shadow region effects associated with electrically large rotating cylinders.
• Time domain-frequency domain cross correlation procedure: provides robust determination of 
the roll rate of a cylindrical projectile or other spinning dynamic body.
• Doppler-surface mapping methodology: provides a mechanism to discriminate between targets of 
differing electrical (material) properties or surface roughness characteristics.
In particular the totality o f the results presented in this thesis represent a significant addition to the open 
source data pool and have advanced the state of the art in the understanding of dynamic signatures from 
rotating cylinders. The results are shown to have relevance to a variety o f defence and industrial scientific 
applications and will therefore be o f interest to a wide audience.
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The new Doppler-surface mapping (D-map) methodology is also a distinguished and important aspect o f  
the thesis as it provides a mechanism to discriminate between targets with differing electrical (material) 
properties or surface roughness characteristics. The D-map technique is simple to apply and exploits the 
unique spectral features associated with the Doppler line spectra from rotating electrically large canonical 
targets such as cylinders. The D-map technique is therefore shown to be a useful tool and is hence a 
valuable contribution to the state o f the art in the area.
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CHAPTER 11
RECOMMENDATIONS
11.1 Key expediencies
It is highly appropriate that further work be performed to refine the ideas contained within this thesis. In
particular theory should be developed to better explain the novel effects seen.
11.2 Empirical priorities and extensions
Further radar measurements are recommended to both better understand the results presented in this thesis
and to explore new profitable avenues o f enquiry. Sub-sections 11.2.1 to 11.2.7 categorise the proposed
measurements with respect to type.
11.2.1 True precession-like (epicycloid motion) / barrel rolling motions (quasi monostatic).
The following activities are recommended:
• The rotation rig should be modified to replicate the ‘yawing behaviour’ and ‘yaw rosette angular 
trajectories’ o f free flight projectiles.
•  Coherent radar measurements o f cylinder and conical targets are recommended using the modified 
apparatus.
11.2.2 Further quasi monostatic measurements
• Isolation o f ‘red shift’ and ‘blue shift’ ‘go and return’ components: a combination of the novel use of 
RAM to screen parts of the cylinder target and /  or the use of bi-material cylinders are suggested to 
study these specular (first order) Doppler effects.
• Doppler signatures from electrically large cylinders o f diameter other than 100mm: a true beam fill 
illumination scenario (in both azimuth and elevation) should be investigated using a cylinder of
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diameter 21 Omm or greater to better understand complex Doppler and related creeping /  surface 
wave re-radiation effects.
• Doppler signatures from cylinders with differing circumference to illumination wavelength ratios: 
Rayleigh, Mie (resonance) and optical region scattering and diffraction effects should be studied 
under dynamic conditions to explore target resonant effects.
• Doppler signatures from cylinders o f materials other than steel / CFRP: non ferrous metallic, other 
dielectric and true PEC cylinders should be studied to augment and better understand the results 
presented in this thesis.
•  Doppler signatures from different classes o f electrically rough cylinder: random surface roughness 
features of differing severity should be investigated to relate the complex Doppler spectra to the 
surface roughness scattering laws.
• Doppler signatures from cylinders at rotation rates greater than 8Hz: this tract of study is suggested to 
explore issues associated with Doppler harmonics and sub-harmonics of the rotation frequency.
11.2.3 Further basic improvised bistatic measurements
• Metallic / dielectric cylinders: further dynamic measurements are recommended to corroborate the 
results presented in this thesis and to provide a statistically significant data set. The activity should be 
focussed towards the better understanding of the 2nd order diffraction and creeping wave re-radiation 
effects.
• Electrically smooth / rough cylinders: it is suggested that the impact of surface roughness on 
diffraction and creeping / surface wave re-radiation effects be studied under dynamic target 
conditions using the dark field illumination concepts developed in this thesis.
11.2.4 Further detailed improvised bistatic measurements
• Clockwise /  anti-clockwise delayed Doppler asymmetries: the dark field illumination concepts 
developed in this thesis should be used to explore dynamic target phenomenology and reciprocity 
issues.
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• Reactive near field / resistive near field / far field effects: measurements should be performed with 
different antenna positions /  spacings with respect to the target surface to enable coupling, standing 
surface wave (resonant), and radiation effects to be better understood.
• Isolation o f diffraction / surface creeping wave re-radiation components: measurements should be 
performed using strategically placed RAM to decouple the diffraction components from the other 
second order effects.
11.2.5 Doppler signatures from other rotating canonical targets (quasi monostatic)
• Closed structure: measurements of spinning disks, and cylinders illuminated end-on should be 
performed to identify the presence or otherwise of any novel effects. A similar approach should be 
adopted as was used during this research period.
• Open structure: coherent measurements of a cylinder with a longitudinal /  axial slot, and cylinder 
with a transverse slot are suggested to establish the significance of such apertures in the context of 
the identification of an axi-symmetric spinning target.
11.2.6 Doppler signatures from hybrid canonical-complex targets (quasi monostatic)
• Cylinder plus tail fins: coherent measurements of a spinning cylinder with respectively three and four 
tails fins should be performed to establish the significance of these features in the context of the 
identification of an axi-symmetric spinning target.
• Cylinder plus canards and tail fins: further measurements of spinning cylindrical targets of increasing 
complexity should be performed, e.g. three or four tail fins plus a pair of canards central to the 
cylinder etc. An incremental approach using a simple canonical ‘building block’ methodology is 
recommended for the better understanding of complex targets.
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11.2.7 Multistatic Doppler measurements
• Measurements should be performed to better understand forward specular scattering from a broadside 
illuminated spinning cylinder, i.e. the scattering effects should be observed from positions other than 
from the illumination source to enable the Doppler ‘edge components’ to be interrogated.
11.3 D-map progression
The Doppler-surface mapping (D-map) technique should be extended to incorporate other equations o f
motion for different classes o f target surface trajectory.
11.4 Other research tracts
• The merging o f target signatures and states using PCPD and CW waveforms; including the innovative 
handling o f I-Q channel data.
• Quasi monostatic antenna coupling investigations; including antenna spacing optimisation studies.
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APPENDIX A 
ANTENNA THEORY AND MEASUREMENTS
A 1 Circular aperture theory 
A 1.1 Supporting information
Silver’s classical textbook ‘Microwave theory and design’, from the Massachusetts Institute of 
Technology (MIT) Radiation Laboratory Series is used here to understand the performance characteristics 
of the circular horn antenna. Whilst the book contains all the pertinent equations required for the analysis 
it is noted that the diffraction field equations used to derive the standard formula are not included. These 
equations are discussed since it is important to understand the underlying assumptions made by Silver, e.g. 
that the diffraction field equations remain valid only for zero phase errors over the circular hom aperture. 
A ‘first principles’ type approach will therefore be followed in explaining Silver’s equations. These 
equations are highly appropriate for the study o f plano-convex lens antennas since for these applications 
the resultant field distribution across the aperture is designed to be inherently stable with negligible phase 
errors.
In treating circular aperture problems it is customary to use a polar rather than rectangular frame o f  
reference as shown Figure A l-1.
X
y
Figure Al-1 Definition of variables (illustration courtesy of Silver)
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For roll symmetric applications the relationship between rectangular and spherical polar co-ordinate 
system can be represented as
% = pcos0', 1 -  P sin^' (A .l)
The equation for the aperture field distribution (Equation A.6) given by Silver may be derived using the 
following equation that was formulated by McCree (1995). Equation A.2 relates to the Integral Theorem 
of Helmholtz and Kirchoff and is derived from the Fresnel-Kirchoff Diffraction Formula and using its 
Fraunhofer approximations and the caveat ‘for small phase errors over the aperture only’.
Up = XR'e ** [  F '( f ^ ) e ;tsin(%“ sW+,si"(,‘% ^ drj\ (A.2)
where a general point in the aperture plane is (£, Tj), k = — , and X = wavelength.
X
It can be shown
jk  sin (0) (% cos (<f) + 77 sin (f))  = jk p  sin (0) (cos ( f t )  cos (f)  + sin ( f t )  sin (f))  (A.3)
The Fourier integral representation o f the above gives
*M)= f  f F(^ 'y ^ ^ p - d p - d p  (a .4)
The variables may be changed using
p  2 na .
r -  — , u = -------sin(^) (A. 5)
a X
where a = circular aperture radius 
Applying to Equation A.4 gives
g(u,<p) = a 2 ^  eJurcos( ^  )r - dr - df i  (A.6)
for uniform phase and amplitude / ( r ^ f )  = 1. Hence there is no dependence on (]) and the equation can 
be simplified
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g(u)  = a2 j^  ^ e Jurcos^ r -dr-d^ t (A.7)
Using the relationship
j^xC0SM ^  _  2k (ur) r  • dr (A.8)
and by substitution (x = u.r) the Silver expression for uniform amplitude and phase is found
g(u)  = 2nd1 r J 0 ( ur ) dr (A.9)
where J0(ur) is the Bessel function of zero order.
Using the standard indefinite Bessel integral relation (Watson, 1944)
XnJ n (x) = ^XnJ n_\ (*) dx (A. 10)
with n =1
xJ\ (x ) =  J-X^O (X) dx (A .ll)
noting that u.r = x it follows
J^ rJ0(Mr)5r = -hj^x/o(x)ax = ^ lM (A .12)
Hence integration o f Equation A.9 over r leads to Silver’s function (Equation A.13)
/  \  -  'y J I (m)
g(u)  = 27ra v - (A.13)
v ' u
This equation when normalised to unity peak can be expressed in MathCAD as 
2
Aj (x) = —J 1 (x) (A. 14)
X
and in decibels as
F ( x )  =  101og^ A 1( x ) 2 j (A. 15)
The phase angle from the antenna centre axis is given by
„  180  . (  X \6 =  A sm   u (A. 16)
n  I 2;ra J
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Using Equation A. 15 and Equation A. 16 the illumination pattern for a 38.1mm diameter horn antenna at 
77GHz has been calculated. The results are shown in Figure A-2.
o
-20
-40
-60
-100
3 8 13 18
Single antenna beampattern (degrees)
Figure A l-2 Circular aperture illumination pattern at 77GHz (38.1mm diameter)
Analysis o f Figure A l-2  indicates that the theoretical full width half beamwidth (FWHB) and half power 
half beamwidth (HPHB) are respectively 3.57° and 1.50°.
The peak of the first sidelobe is -17.57 dB with respect to the main lobe and occurs at 4.80° with respect to 
the main beam. In terms of performance this figure represents the baseline condition, i.e. for a standard 
circular horn. In fact the first sidelobe is specified better than -25dB with respect to the main beam; and 
this realised through the use of the TEn mode aperture distribution (Balanis, 1997a).
Manufacturer’s data on the HLA indicates that greater than 90% of the radiated power is contained within 
the main beam (with characteristics: HPHB of 3°, i.e. 6° total 3dB beamwidth). Hence the HPHB o f 1.5° 
(3° total 3dB beamwidth) calculated above has been modified by a factor of two by the conical horn and 
dielectric lens configuration.
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Antenna gain is specified as 26dB ± 2dB. Given application o f the standard formula for gain
q
horn
where X - 3.89mm, A area = aperture area = 1140mm'
G = 946.8 or 101og10946.8 = 29.76dB
assuming an aperture efficiency o f 50%, the theoretical gain can be calculated to be 26.76dB. This result is 
consistent with the manufacturer’s data.
In summary the HLA aperture distribution pattern and gain characteristics have been shown to be 
consistent with existing theory as espoused by Silver and others. In the following section the measured 
results for the integral PCPD antenna configuration are given.
A 1.2 Summary and conclusion
Silver’s interpretation o f the aperture illumination and antenna pattern theory for the analysis o f circular 
aperture antennas remains valid. However, care must be taken since the diffraction field equations used are 
only valid for zero phase error across the circular hom aperture.
A 2 Antenna measurements 
A 2.1 Spillover investigation
Measurements were performed to assess the effects o f spillover due to the quasi monostatic operation. 
Measurements were compared for two scenarios; with the radar radiating into free space under normal 
operating conditions and with a 0.5 metre square by 60 millimetre thick RAM sheet placed between the 
transmit and receive antennas as shown in Figure A2-1.
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Figure A2-1 Antenna isolation experiment
The results for the zero range bin are shown in Figure A2-2. The sense of polarisation is referenced to the 
face of the radar absorbing material (RAM) sheet.
-31
m-33TD
c -3 4
VV polarisation (no RAM) 
VV polarisation (RAM)
-36
0.1 0.3 0.5 0.7 0.9
Time (seconds) 
Figure A2-2 Antenna isolation results: VV polarisation
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CM HH polarisation (no RAM) 
HH polarisation (RAM)
-35
0.1 0.3 0.5 0.7 0.9
Time (seconds)
Figure A2-3 Antenna isolation results: HH polarisation
-28
I-30
VH polarisation ^no RAM) 
VH polarisation (RAM)-36
0.1 0.50.3 0.7 0.9
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Figure A2-4 Antenna isolation results: VH polarisation
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Figure A2-5 Antenna isolation results: HV polarisation
The results are disappointing but acceptable indicating that the free space leakage is o f the order -29dB for 
HH polarisation and - 3 1.5dB for W  polarisation. This reduces the available dynamic range in the zero 
range bin. The results are also counter-intuitive as the addition of the RAM actually raised the signal 
levels. It is speculated that either the RAM provided increased coupling between antennas or that it 
distorted the transmitted radiation characteristics by causing an impedance mismatch at the transmit port 
resulting in higher internally reflected energy returns.
Other measurements have been subsequently performed with alternative materials placed between the 
transmit and receive antenna. These results are not presented here since the field o f enquiry is beyond the 
scope of focus of this thesis. However, it is noted that coupling measurements and the general issue of 
antenna coupling is an important topic that warrants further study.
A 2.2 Summary and conclusions
The spillover tests using RAM were inconclusive and further experiments are recommended. However, it 
is shown that even under quasi monostatic conditions, it is not possible to eliminate all spillover, but that it 
is possible to reduce it to an acceptable level using a quasi monostatic design methodology.
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APPENDIX B
SCATTERING AND DIFFRACTION THEORY
B1 Supporting theory
The high frequency scattering and diffraction o f electromagnetic waves by circular cylinders has received 
considerable attention over the years. Mentzer (1955), and King & Wu (1959) provide seminal texts that 
are extensively cited and introduce the topic in an exciting and unique manner. Two other significant 
contributions to the area were made by Felsen and Marcuvitz (1994 originally 1973), and Ruck and 
Barrick et al (1970). The popularity o f the study o f cylinders has been in part due to the ability to reduce 
the problem to the two dimensional case where the cylinder is aligned with the plane o f polarisation o f a 
linearly polarised plane electromagnetic wave. The solution o f the complete field can then be solved using 
classical techniques, i.e. by solving the scalar Helmholtz wave equation11, as described in numerous texts 
and the widely acclaimed works o f Stratton (1941), and Schelkunoff (1943).
The basis for any study o f diffraction and scattering o f electromagnetic waves by cylinders suggests that a 
co-ordinate system be adopted, although co-ordinate free approaches such as those advocated by Chen 
(1983) could be used. However, the fundamental theory tends to be presented using cylindrical frames o f  
reference (p, 0, z), and it this co-ordinate system, shown in Figure B l-1 , that is recommended to be used 
for further more theoretically based studies.
It is noted that using the cylindrical co-ordinate system is not without problems, and whilst it is fine for 
examples where the z-axis o f a cylinder is aligned as shown in Figure B -l, the transformation would 
become very difficult if  the cylinder were rotated through 90°. In such circumstances it would be 
necessary to use the Cartesian co-ordinate system as an intermediary and effectively perform a double 
transformation. It is therefore important that the correct choice o f co-ordinate system be initially made 
since it is this first step that is germane to the successful and efficient solution o f the electromagnetic
11 The Helmholtz equation or complex scalar wave equation for time-harmonic electromagnetic fields is
2
given by V2 y + — y = 0 • 
c
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problem under investigation. The reader is therefore commended to use the Cartesian co-ordinate system 
for further follow-on activities.
Figure Bl-1 Co-ordinate definition for the plane wave illumination of cylindrical targets (diagram 
courtesy of King & Wu)
For a perfectly electrically conducting (PEC) cylinder illuminated by a linearly polarised plane wave 
defined by the cylindrical co-ordinate system (p, 0, z) shown in Figure B -l, the exact solution for the total 
electric field travelling in the positive x-direction (0=0) is given by the eigenfunction expansion
y
INCIDENT PLANE 
WAVE
£ z = £ ‘ + £ zs = | £ z |e ^
i k p  cos 0
(Bl-1)
where a is the radius o f the cylinder 
k is the wave number12,
Jm (ka) is a Bessel function o f order m, and
(ka) is a Hankel function o f the 1st kind and order m
12 Wave number (propagation constant): j _ _ &
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However, Equation (B 1.1) is only really appropriate for low ka numbers. At high ka numbers, e.g. for a 
100mm diameter cylinder illuminated at a wavelength o f 3.87mm, the harmonic series converge too 
slowly to produce useful results.
Where large ka values are involved the slowly convergent harmonic series representation o f Equation 
(B l.l)  can be converted to a fast convergent series using the Watson transform. The method is concisely 
described by Ishimaru (1991) and essentially expresses the field in terms o f an integral in the complex 
plane, applies deformation to the contour o f interest, and evaluates the integrand o f the sum o f the residues 
of the poles. The approach is ideal for problems associated with cylindrical structures and can be usefully 
applied here. Mathematically the Watson transform is expressed as
sinv;r
(B1.2)
hence applying Equation (B1.2) to Equation (B l.l)  the total electric field can be expressed as
 gikpco%6
sinv;r
Having established the problem in integral form the representation o f the residue series can then be 
considered. It is customary to determine the individual contributions from (I) the illumination (fully lit) 
region, (II) the transition (boundary) region, and (III) the shadow / deep shadow region, see Figure B l-2 .
Figure Bl-2 Wave representation and zone of influence (diagram courtesy of Ishimaru)
A ray-optic geometrical representation of the illumination region would generally be employed allowing 
the contour integral o f Equation (B1.3) to be solved using an asymptotic formulation such as the saddle 
point technique or the uniform stationary phase method (Borovikov, 1994). These techniques are used 
because the far-field solution is not valid close to the surface of the cylinder. In Chapter 5 it is seen that a 
series of bistatic measurements are performed under such conditions, i.e. where the coupling antenna at 
the cylinder surface is positioned in the near field zone. N.B. in the far field the cylindrical scattered wave 
can be approximated by a plane wave. By analogy in the far field the curvature of the cylinder can be 
approximated by a plane surface. The complex amplitude of the electric field under these circumstances is 
given by
Ez =i2sin(kxcos(/))elky'sm,l> (B1.4) 
where (j) is the angle between the direction of propagation of the incident plane wave,
£ /  = e »(W >.sin*) andthex_axis
With reference to Figure B -l it can be seen that Equation (B.4) describes a standing wave pattern in the 
negative x-direction and that as the illumination angle deviates from normal the distance between the 
maxima of the radial standing wave pattern will increase. The illumination angle of an offset (inclined) 
rotating cylinder due to the fixed radar (described previously in Chapter 7) will therefore induce an 
elliptical variation in the magnitude of the standing wave pattern. For the static case theory suggests that 
as the distance between maxima increases the amplitude of the standing wave decreases.
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In the boundary region the electric field o f Equation (B1.3) can be efficiently represented by Fock 
scattering functions (Goodrich, 1959). These asymptotic expressions proposed by Fock (1956) allow non 
zero surface currents to be predicted. The presence o f surface currents will give rise to non zero surface 
fields that in the asymptotic limit behave as ray fields. The integral representations o f the Fock functions 
are shown and discussed in appendix section B2.
A residue series representation is used for the shadow region that allows the integral o f Equation (B1.3) to 
be evaluated in a relatively easy fashion. Surface rays launched into the shadow region will follow 
geodesic paths and will shed energy tangentially along the surface ray path. Hence as the axis o f the 
cylinder tilts with respect to the axis o f rotation the re-radiated energy will increase due to the increase in 
geodesic path length. For a cylinder with large ka these surface waves are commonly known as creeping 
waves. Shedding coefficients and asymptotic deep shadow solutions can be used to calculate the resultant 
fields.
B2 Fock scattering functions
These special functions are commonly expressed as follows:
(B2.2)
where
p  ( x )  and q ( x )  are the Fock scattering functions 
Ps ( x )  and Ph ( x )  are the Pekeris caret functions
N.B. the asterisk implies that p and q are already in complex conjugate form.
The integral representations o f the Fock scattering functions are given by:
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\ 1 1 r v ({) -i»~,
p  ( x ) = — 7 = + ~ r  J  “ A v *  8t  f 3 2 3 )l 4 n x  4 n  w2 ( t)
1 1 * fF ' ( 0  - j»*a (x) = — = + - =  — Y r e ^ d t  (B2.4)
v ’ iP T x P t_ > ' ( / )
where
V (t)  = 4 n A i { t )
;n (
w2(t) = 2y[7re J6 Ai te~j2s
A - « - i H r ‘ + e
w'2 ( t )  is the derivative o f w2 ( t )  
and
Ai (t} is a Miller-type Airy function given by
: dz
J
The function p  ( x )  is applicable to problems where the electric field is tangential to a smooth surface 
(known as the soft case). N.B. the tangential electric field is zero at surface.
The function q ( x )  is applicable to problems where the electric field is normal to a smooth surface 
(known as the hard case). N.B. the normal derivative o f magnetic field is zero at surface.
The transition or boundary region is defined by the conditions -3 .0  < x < 2.0 and necessitates that the 
Fock scattering function be computed using interpolation techniques. The Fock scattering functions 
simplify the numerical solution and under defined conditions allow the problem to be represented in two 
dimensions. It is noted that the functions are complex and that the I-Q data discussed in the main body o f  
the text could therefore be suitably represented using these formulations.
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APPENDIX C
SUPPLEMENTARY RESULTS: CHAPTER 4
C l: Time domain results
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Figure C l-1 Time-magnitude response stud clad cylinder: 240rpm: VV & HV polarisation
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Figure C l-2 Time-magnitude response stud clad cylinder: 240rpm: HH & VH polarisation
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Figure C l-3 Time-magnitude response metallic tube with ridge: 240rpm: VV & HV polarisation
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Figure C l-4 Time-magnitude response metallic tube with ridge: 240rpm: HH & VH polarisation
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C2: Frequency domain results
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Figure C2-1 Comparison of steel tube with ridge / smooth steel cylinder spectra: 240rpm: VV polarisation
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Figure C2-2 Comparison of steel tube with ridge / smooth steel cylinder spectra: 240rpm: HH polarisation
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Figure C2-3 Comparison o f steel tube with ridge / smooth steel cylinder spectra: 240rpm: VH polarisation
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Figure C2-4 Comparison of steel tube with ridge / smooth steel cylinder spectra: 240rpm: HV polarisation
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APPENDIX D
SUPPORTING RESULTS: CHAPTER 7
D l: Time domain results
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Figure D l-1 Time-magnitude response metallic cone-sphere: 120rpm: VV & HV polarisation
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Figure D l-2 Time-magnitude response metallic cone-sphere: 120rpm: HH & VH polarisation
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Page 170 of 184
-36
-46
tZ  -51
-56
VV polarisation 
HV po larisation-61
0.1 0.3 0.5 0.7 0.9
T im e (se c o n d s )
Figure D l-3  Time-magnitude response cone-sphere 3.4° offset-axis: 120rpm: VV & HV polarisation
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Figure D l-4  Time-magnitude response cone-sphere 3.4° offset-axis: 120rpm: HH & VH polarisation
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D2: Frequency domain results
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Figure D2-1 Frequency spectra metallic cone-sphere: 120rpm: VV polarisation
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Figure D2-2 Frequency spectra metallic cone-sphere: 120rpm: HH polarisation
Page 172 of 184
0.020 -
0.015
0.010
0.005
0.000
-500 -300 -100 100 
F requ ency  (H ertz )
300
Figure D2-3 Frequency spectra metallic cone-sphere: 120rpm: VH polarisation
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Figure D2-4 Frequency spectra metallic cone-sphere: 120rpm: HV polarisation
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Figure D2-5 Frequency spectra metallic cone-sphere 3.4° offset-axis: 120rpm: VV polarisation
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Figure D2-6 Frequency spectra metallic cone-sphere 3.4° offset-axis: 120rpm: HH polarisation
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Figure D2-7 Frequency spectra metallic cone-sphere 3.4° offset-axis: 120rpm: VH polarisation
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Figure D2-8 Frequency spectra metallic cone-sphere 3.4° offset-axis: 120rpm: HV polarisation
Page 175 of 184
APPENDIX E
SUPPORTING RESULTS: CHAPTER 8
Results
The radar measurement results are available as in-phase (I) and quadrature (Q) channel data. The format 
allows complex fast Fourier transform (FFT) techniques to be used to study the positive and negative 
spectral components. The frequency domain results shown in Figure El-1 to Figure El-16 are those 
discussed earlier in Chapter 5 and Chapter 8.
The X-axes represent frequencies components out to 250Hz in 0.5Hz bins, the Y axes have been 
normalised to allow like for like inter-comparisons to be made, and the Z-axes show the frequency spectra 
for static to 8Hz rotations in 1 Hz steps. A normalised scale is displayed to give a qualitative insight into 
the asymmetries between the positive and negative spectra and the differences in absolute responses 
between the metallic and CFRP cylinders. Subsequent analyses are conducted on data converted to 
decibels relative to the zero Doppler carrier. Only the co-polar responses have been shown here.
It may be seen from comparing Figure El-1 with Figure El-3, and Figure E l-2 with Figure E l-4 etc. that 
the bandwidth o f the frequency spectra for the CFRP cylinder is greater than for the metallic target. 
However, higher magnitude frequency components are seen closer to the zero Doppler carrier for the 
metallic cylinder. A thorough analysis is given in Chapter 8 where the sideband components for each 
respective data set are discussed in detail.
N.B. An anomaly in the metallic cylinder W  results is noted for the 6Hz, 7Hz and 8Hz rotations. The 
absolute power is noticeably lower than for the other results. However, the effect is mitigated in Chapter 8 
where the results are referenced to the zero carrier magnitude.
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Figure E l-2 Negative frequency spectra: metallic cylinder: 0 to 480rpm: VV polarisation
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Figure E l-3  Positive frequency spectra: CFRP cylinder: 0 to 480rpm: VV polarisation
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Figure E l-4 Negative frequency spectra: CFRP cylinder: 0 to 480rpm: VV polarisation
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Figure E l-5  Positive frequency spectra: metallic cylinder: 0 to 480rpm: HH polarisation
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Figure E l-6  Negative frequency spectra: metallic cylinder: 0 to 480rpm: HH polarisation
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Figure E l-7 Positive frequency spectra: CFRP cylinder: 0 to 480rpm: HH polarisation
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Figure E l-8  Negative frequency spectra: metallic cylinder: 0 to 480rpm: HH polarisation
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Figure E l-9  Positive frequency spectra: metallic cylinder: 0 to 480rpm: VH polarisation
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Figure El-10 Negative frequency spectra: metallic cylinder: 0 to 480rpm: VH polarisation
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Figure El-11 Positive frequency spectra: CFRP cylinder: 0 to 480rpm: VH polarisation
Scales Y ?
-Sheetl 001 Sheet! 002 Sheet! 003 Sheet! 004  Sheet! 005  Sheet! 006 - Sheet! 007 Sheet! 008
150 300 4500 50 100 200 250 350 400 500
I ^ S t a t l  | Microsoft... | J^MyComp. | iCA | _ jC :\M yD ...| _JCAMyD... | ^M ictosoft...| C^FAMQS | M icrasaft... 11 Ja ., S h e e t l ... 11:52PM
Figure El-12 Negative frequency spectra: CFRP cylinder: 0 to 480rpm: VH polarisation
Page 182 of 184
Opt- <> Scales Y ?
JMAnJIMaa
l^BStart | PS|Microsoft... | j^ M y  Computer)  )CA________| C:\My Doc...| _ j |C:\My Doc...| ^M icrosoft E...| ^FA M O S | 'ffl Microsoft... | ||/ \  S h e e tl001 n( 12:47 AM
Figure E l-13 Positive frequency spectra: metallic cylinder: 0 to 480rpm: HV polarisation
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Figure E l-14 Negative frequency spectra: metallic cylinder: 0 to 480rpm: HV polarisation
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Figure E l-15 Positive frequency spectra: CFRP cylinder: 0 to 480rpm: HV polarisation
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Figure E l-16 Negative frequency spectra: CFRP cylinder: 0 to 480rpm: HV polarisation
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